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ABSTRACT Electrochemical Studies of Nanostructured Protein Based 
Immunosensors  
 Immunosensor plays an important role in the diagnostic area such as disease diagnoses, drug 
selection, and food quality control, by providing applications with rapid detection, high 
sensitivity and specificity. The immunosensor technique is growing technique for detection and 
quantification of biomolecules. It takes advantage of affinity binding between antibodies and 
the corresponding antigens that allows the detection, even if it present at very low concentration 
and in complex biological matrix.   
 The work presented in this thesis is to establish an understanding for use of different types of 
supporting matrix for the preparation of immunosensor. The different types of supporting matrix 
have different sensitivity toward detection, which directly affects the performance of 
immunosensor. This concept was employed to compare the performance of immunosensor 
using different types of supporting matrix such as self assembled monolayer (SAM), Au 
nanostructures (AuNS), and co–polymer brushes for detection of carcinoembroynic (CEA) and 
prostate specific (PSA) antigen.   
xi  
  
The growth kinetics and adhesion properties of SAM also affect the sensitivity towards 
the detection of biomolecules and it makes SAM an interesting candidate for biomedical 
applications. The formation assembly and adhesion properties of SAM were studied by varying 
the incubation time. The atomic force microscopy results showed that the agglomeration of 
SAM was observed at higher incubation time. The piles of SAM were observed as compared to 
the lateral growth which limits the surface coverage to 26% at higher incubation time. The 
annealing of SAM was performed, which result the lateral diffusion of SAM, and almost 
doubled the surface coverage compared to as grown SAM. The force– distance spectroscopy 
was performed to study the adhesion properties of SAM. The elastic modulus was calculated by 
applying the Johnson-Kendall-Roberts (JKR) theory and shows that the adhesion properties 
depends on the growth stages of SAM.  
 In the present work, different approaches were used to prepare the immunosensor for detection 
of CEA and PSA. For CEA detection, three different types of Au nanostructure (AuNS) such as 
pyramid, spherical, and rod-like nanostructures were electrochemically deposited on Au 
electrode. Electrochemical measurements were performed to compare the performance of plane 
Au, pyramids, spherical, and rod-like nanostructured electrodes. It showed that the spherical 
nanostructured electrode showed superior performance among other types of nanostructures. 
These was probably due to the fact that the spherical nanostructures were smaller in size and 
possess high surface area compared to plane Au, pyramid, and rod-like nanostructures. The 
prepared immunosensor showed limit of detection (LOD) of 4 pgml-1.  Finally, another 
electrochemical sandwich immunosensor was prepared by synthesis of oligo(ethylene 
glycol)methacrylate–co-glycidyl methacrylate (OEGMA-co-GMA) copolymer brush on plane 
Au and nanostructured electrode. Due to large loading capacity for antibody binding and high 
resistance to non-specific adsorption to co–polymer brushes the AuNS  co–polymer brush 
immunosensor exhibit detection in a wide dynamic range of five orders of magnitude with 
improved LOD of 2 pgml-1, which is better than the co–polymer brush grown on plane Au 
electrode. The prepared immunosensors would be an exciting addition in diagnosis of early 
detection of cancer biomarkers, eventually helpful in circumventing cancer metastasis.  
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Chapter 1  
Introduction  
 The electrochemical immunosensor plays an important role due to their better performance in 
clinical diagnosis. The development in the field of immunosensing is focused on enhanced 
sensitivity, specificity and limit of detection (LOD) of the said immunosensor. This requires an 
opportunity to have a deep understanding for antibody/antigen reaction kinetics and to fabricate 
new devices, which would have a broad range of applications in clinical diagnosis.  
1.1 Immunosensor:  
The immunosensor is an analytical device in which the formation of antigen-antibody 
complexes is detected and converted, by means of a transducer, to a signal [1]. Immunosensors are 
the type of biosensors, which make the use of specific interactions between antibody and antigen. 
The immunoreactions are recognized due to their high sensitivity and specificity. This is the 
fundamental principle of all immunosensors, as they are highly specific towards the recognition of 
specific antigens by antibodies. Another advantage of the development of immunosensor is that 
the affinity of binding of antibodies to corresponding antigens can be detected even at low 
concentrations and in complex biological matrices such as blood and serum, etc. These properties 
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of immunosensors make them reliable for clinical diagnostic purposes [2]. In comparison to 
conventional devices such as enzyme linked immunosorbent assay (ELISA), the advantage of 
immunosensor is that the large dynamic range of analyte can be detected and measured by 
immunosensors such as cancer biomarkers, bacteria, and pesticides [3-6]. However, high binding 
affinity, specificity and capability of measuring the small change in the ligand immobilized 
immunosensors can make these devices sensitive in the early diagnosis of cancer and other fatal 
diseases.  
 1.2  Components of immunosensor:  
Immunosensor is a type of biosensor with different components is shown in Figure 1.1 [7]. 
At first, the sensitive antibody/antigen complexes interaction takes place on the surface of 
immunosensor generating a change at immunosensor surface (Figure 1.1 (a)). The sensitive 
biological element in the immunosensor recognizes the analyte via the formation of complex such 
as antibody-antigen (Figure 1.1 (b)). This change on the surface is converted into electrical signal 
by the transducer (Figure 1.1 (c)). There are different types of transducers such as optical, 
electrochemical and piezoelectric, depending on the technique of detection of the signal. The signal 
produced by the transducer is amplified and digitized by the electronic part (Figure 1.1  
(d)). The different changes observed on the immunosensor surface can be carried out by 
different means by using different types of transducer. Therefore, the main transducer used in 
immunosensor will be described briefly below.  
 
Figure 1.1: (a) Schematic of an immunosensor: (a) A receptor unit (bioreceptor) with antibodies 
which bind the ligand and provide a signal, (b) a transducer, which transforms the response into 
an electrical signal, and (c) an electronic part, which is involved in data processing, including.  
  
( a )  
( b )  
( c )  ( d )  
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(d) the display.  
  
1.2.1 Electrochemical immunosensor:  
In this technique, once the antibody/antigen complex has been formed; the change in 
electrical signal is measured in the form of impedance, current or voltage. The electrochemical 
transducer is further divided into different categories; the amperometric technique which measures 
the current change, the potentiometric technique measures the change in electrode potential and 
lastly, the conductimetric technique which measures the change in conductivity or resistance.   
The most common amperometric immunosensor is the enzyme linked immunosorbent 
assay (ELISA) test with electrochemical detection as shown in Figure 1.2 [8]. The measurable 
current was obtained by the redox species generated by the redox enzymes.  Monia, et al.  
developed the self assembled monolayer (SAM) through which antibody attached on the surface 
of SAM followed by the incubation in the serum to from the antibody/antigen complexes [8]. After 
this, the anti human immunoglobiulins (Ig) antibodies labeled with horseradish peroxide (HRP) 
were immobilized on the surface. It was essential to keep the enzyme close to the surface for the 
proper working of immunosensor. Hydroquinone was used for the redox reaction at the electrode 
surface to maintain the steady current in the process shown in Figure 1.2. This is the most common 
configuration employed in an electrochemical immunosensor for immobilization of biomolecules.  
 
Figure 1.2: Schematics of electrochemical detection of enzyme-linked immunosorbant assay 
(ELISA) in Hyroquinone solution [8].  
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Different examples of electrochemical immunosensor are illustrated in Table 1.1 such as 
Mani et al. has reported an ultrasensitive electrochemical immunosensor to detect the cancer 
biomarker [9]. The sensitivity of immunosensor was enhanced by the use of bioconjugated 
magnetic particles to detect PSA. The prepared immunosensor has a sensitivity of 31.5 µAmlng-1 
with the detection limit of 0.5 pgml-1. Similarly, Kang et al. developed glucose oxides (GOD)– 
grapheme–chitosan nanocomposites to study the performance of immunosensor [10], which 
showed excellent performance with sensitivity of 37.93 µAmM-1 with detection limit of 0.02 mM.  
Table 1.1. Response characteristics such as limit of detection, and dynamic range of different 
electrochemical immunosensor reported in literature  
  
Strategy     
  
Biomarker    Detection limit   Linear range     Ref  
Voltammetry     CEA      3.4 pgml-1    3.4 pg–80 ngml-1 [9]  
 
      Glucose     0.02 mM    0.02–12 mM    [10]  
Amperometry     PSA       0.5 pgml-1    0.1 –10 pgml-1    [11]  
       CEA      10 pgml-1    0.01–160 ngml-1   [12]  
Differential pulse   hTERT     100fgml-1    100 fg–10 ngml-1 [13]   
Volrammetry     NSE      0.033 ngml-1    0,033 ng–2 µgml-1  [14]  
  
  
1.2.2 Optical immunosensor:  
In this technique antibody/antigen complex results in the generation of an optical signal  
either by fluorescence or by the change in optical properties such as absorption, emission, refractive 
index. The optical signal generated is converted into an electrical signal and after electronic 
processing, the output is displayed. Scaroonoa et al.  has developed a surface plasmon resonance 
(SPR) based immunosensor as shown in Figure 1.3 and measured the change in the refractive index 
that took place between the guide and the external medium [15].  
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Figure 1.3: Schematics of surface plasmon resonance for optical detection of antibody/antigen 
interactions [15].  
 Various immunosensor based on different optical techniques are shown in Table 1.2. For example, 
Altintas et al. have reported a highly sensitive surface plasmon resonance (SPR) immunosensor 
for the detection of carcinoembryonic antigen (CEA) [16]. The sandwich SPR immunosensor 
showed a detection limit of 3 ngml-1 in the dynamic range of 3–400 ngml-1. Whereas, Noah et al. 
has reported a fluorescence and SPR immunosensor for cyclooxygenase 2 (COX 2), which is a key 
enzyme in pain biomarker and cancer cell proliferation [17]. The SPR immunosensor showed the 
detection limit of 1.35 × 10-4. Whereas, 1.02 × 10-4 ngml-1 detection limit by fluorescence 
technique. These immunosensors thus offer a viable approach for the detection of COX-2 in real 
samples, which can then be related to the level of pain.  
Table 1.2. The limit of detection and dynamic range of optical immunosensor for cancer biomarker 
detection.  
Strategy    Biomarker  Detection limit   Dynamic range     Ref  
SPR       CEA    3 ngml-1     3 ng–400 ngml-1     [16]  
      COX–2   1.35 × 10-4 ngml-1  3.64 × 10-4–3.64 × 102 ngml-1  [17]  
Fluorescent    COX–2   1.02 × 10-4 ngml-1  7.46 × 10-4–7.46 × 10 1 ngml-1  [18]  
       PSA    0.2 pgml-1    0.5 pg–50 ngml-1     [19]  
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1.2.3 Piezoelectric immunosensor:  
The formation of antibody/antigen complex causes the change in mass on the sensor 
surface, which can be detected by the piezoelectric transducer such as quartz crystal membrane 
and microcantilevers. The antibody or antigen immobilization studied by the Raiteri et al. on the 
piezoelectic surface is shown in Figure 1.4 [20]. The microcantilever vibrates at a characteristic 
resonance frequency and when the antibody/antigen interactions take place on the surface, its 
resonance frequency shifts, that can be detected with very high sensitivity.  
For example, Yang et al. have developed a piezoelectric immunosensor for cervical cancer 
detection [21]. They investigated the shift in resonance frequency by adsorption of p161NH4a, a 
protein that is linked to cervical cancer, on a piezoelectric surface. The dynamic range obtained in 
the clinical sample was from 5 µl to 5 mgml-1.  
 
Figure 1.4: Schematics of the formation of the antigen-antibody complex causes a surface stress 
and, consequently, a deflection of microcantilever, which is detected optically [20].  
  
 Few other reported examples are illustrated in Table 3 such as Lee et al. has developed a 
piezoelectric micro cantilever sensor for various cancer detection [22]. The obtained detection limit 
with micro cantilever for CEA biomarker was 5 ngml-1.  
  
Table 1.3. A comparison of the response of piezoelectric immunosensor for different cancer 
biomarker detection.  
  
Strategy    Biomarker     Detection limit   Dynamic range    Ref  
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      p161NK4a     ---------     5 µl–5 mgml-1    [21]  
Piezoelectric    CEA      5 ngml-1     ----------------     [22]  
  PSA      0.25 ngml-1    Sample amount (1 µl)  [23]  
    
  
  AFP      0.25 ngml-1    ----------------    [23]  
  
1.3 Types of detection techniques:  
  
  The detection techniques are mainly divided in two types labeled and label-free techniques. The 
conventional and most commonly used technique is ELISA, which is also known as labeled 
technique.  In this technique some type of labeling species is required to generate the signal. 
However from last few decades, immunosensor, which are known as labelfree technique has 
gained attention due to simplicity, rapid and sensitive way to quantify the antibody antigen 
interactions [24]. The label-free technique eliminates the need for label used in the detection. 
Following is the brief introduction about conventional and recently used devices.  
  
1.3.1 Labeled detection:  
In this method, different types of labeling species such as fluorophores, enzymes, 
radioisotopes and quantum dots are used [25-26]. Currently, enzymes linked immunosorbent 
assays (ELISA) is a very popular technique, which utilizes the antibody/antigen interactions for 
diagnostic and clinical purposes.  
  
a. Direct ELISA:  
  
This type of ELISA involves immobilization of antigen on the surface followed by the 
attachment of the enzyme labeled antibody to the antigen. The addition of substrate for the enzyme 
results in signal generation and its measurement. The technique has an advantage of requiring 
fewer preparation steps and is shown in Figure 1.5 (a) [27].  This technique has been used by 
Dessy et al. to measure the specific human papillomavirus (HPV) serum antibody level [28].   
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Figure 1.5: Enzyme linked immunosorbent assays: (a) direct assays; (b) indirect assays; and (c) 
sandwiched assays for antibody/antigen detection [27].  
  
In this report, authors compared the direct ELISA process with pseudo virion based 
neutralization assay (PBNA) for HPV–16/18 antibody response in patient enrolled in a cervical 
cancer vaccine. A correlation was observed between the results obtained by PBNA and indirect 
ELISA in concentration range of 0.70–0.088 for HPV-16 and 0.82-0.94 for HPV-18.  
  
b. Indirect ELISA:  
In this type, antigens are coated on the surface and then detection is done in two stages. 
Firstly, primary unlabeled antibodies are attached with the antigens and then enzyme labeled 
secondary antibodies are immobilized as shown in Figure 1.5 (b) [29]. The advantage of using 
this method is that it increases the sensitivity towards the detection compared to the direct ELISA 
technique. For example, Praud et al. have used indirect ELISA (I-ELISA) technique for 
brucellaovis, which causes an infectious disease responsible for infertility [30]. They compared 
I-ELISA with complement fixation test (CFT). They showed that I-ELISA test to be slight more 
sensitive compared to CFT with a sensitivity of 0.917 and specificity of 0.988.  
c. Sandwich ELISA:  
The third type of ELISA involves coating of ELISA plates with antibodies followed by 
antigens attachment. In the next step, primary antibodies attach to the specific antigens and then 
labeled secondary antibodies specifically bind to the primary as shown in Figure 1.5 (c) [31]. This 
  
( c )   ( b )   ( a )   
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technique is highly sensitive as two antibodies are used and the antigen is specifically captured and 
detected. Whereas Saadi et al. had developed a sandwich ELISA for detection of TP531NP1 [32]. 
The TP531NP1 protein was first trapped by the specific monoclonal antibody coated in a 
microplate. These were further recognized by the second specific monoclonal antibody. They 
detected prostate cancer through tumor protein 53 in a different patient with good specificity. 
Similarly, Li et al. constructed a survivin ELISA to detect the urinary surviving in bladder cancer 
[33]. They detected the surviving level in 102 healthy and 102 cancer patients. The obtained 
specificity and sensitivity applied to the patient were 89.2% and 70.6%, respectively.  
1.3.2  Label–free detection:  
  
In the label-free technique, no labeling is required for the detection of antibody/antigen 
interactions. The labeled technique requires longer analysis time, extra preparation steps, which 
increase the complexity of the process. Whereas, the main advantage of the label-free technique 
is that it does not require any label to get the output. The immobilization of antibody/antigen on 
the sensor surface is a crucial step which affects the performance of the immunosensor. A simple 
label-free method to detect the antibody/antigen is shown in Figure 1.6. It requires some type of 
supporting matrix through which antibody and antigen attach on the surface. The output can be 
detected with optical, electrochemical and piezoelectric methods [34-35]. Among these different 
label-free techniques, the electrochemical method shows more potential and high sensitivity. The 
electrochemical method attracted considerable attention due to its low cost, simplicity and high 
sensitivity; therefore, they are excellent candidates for easy to use immunosensor [36].   
  
 Supporting  Antibody  
Antigen  
 Matrix    
  
Figure 1.6: Schematics of preparation of label-free immunosensor [34].  
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1.3.3 Comparison of labeled and label free detection  
 Among several physical, chemical and immunoassay methods for biomolecular detection, ELISA 
is one of the standard labeled techniques used for detection of biomolecules. In comparison to 
ELISA, the label–free technique has potential over labeled detection technique. Few advantages 
and disadvantages of labeled and label–free technique is illustrated in Table 1.4. The label-free 
detection expanding beyond the market focus due to its different applications such as; cell based 
receptor/ligand interaction, non–invasive cell proliferation, and antibodies and small molecules 
affinity analysis [37].  
  
Table 1.4.Comparison table of advantages and disadvantages of label and label–free detection 
[38].  
  
    
  
Labeled         Label-free  
Advantages     High sensitivity     
Label–free  
• no influence of label on physicochemical or binding  
properties  
• reduced interference from labeling species  
• less potential for false positive/negative  
• potential for assays to be cheaper (no labeling)  
    Strong specificity       
Generic  
• systematic/universal approach to assay development and 
screening  
• prospect of faster cycle times  
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Reagents are relatively cheap   
Fast detection  
• real-time monitoring of binding interactions  
• eliminates problems with secondary detection or auxiliary 
reagents  
• increased sensitivity and specificity  
• shorter assay development times  
  
    Negative control may indicate  Requires sophisticated instrumentation  
    
Disadvantages 
Positive result   
   Enzyme/substrate reaction is short  
term    
Restricted to choice of metal (gold/silver surfaces)  
Only monoclonal antibodies  
can be used as matched pair        
  
 1.4  Performance parameters of an immunosensor  
The performance of immunosensor is evaluated by its response characteristics such as limit 
of detection, sensitivity, selectivity, dynamic range and storage stability. It is important to evaluate 
these characteristics as they provide the basis for minimum detectable and minimum quantifiable 
amount of analytes present in solution. Some of the basic parameters through which the 
immunosensor is characterized are as follow. First of all is the selectivity, it is primarily the ability 
to discriminate between different analytes. The sensor should only response to the analytes being 
quantified. However, the sensitivity shows how much amount of analytes can be detected i.e. how 
much the signal change in analyte concentration. Whereas the dynamic range provides the whole 
range in which the prepared device can detect the analytes. The limit of detection shows the 
minimal amount (or concentration) of analytes that can be detected by the device. Sensitivity upto 
femtomolar limit of detection is achieved in some biosensors. For example, Lin et al, has 
developed an electrochemical immunosensor for detection of epidermal growth factor reaching 
lower detection limit of 1 fM with dynamic range of 0.1 pM and 0.1 µM and was more sensitive 
than the BSA blocking strategy.  
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 1.5  Thesis objective:  
  
The objective of the thesis is to develop the immunosensor with improved properties such 
as sensitivity, selectivity and limit of detection (LOD) for different types of cancer biomarkers. 
The label-free technique is an important method for the detection of cancer biomarkers, which 
combined with gold nanostructures (AuNS) deposition on the immunosensor surface to increase 
the sensitivity towards the detection of different types of cancer biomarkers. So, it is important to 
explore and develop an immunosensor using different methodologies which can efficiently detect 
the cancer at early stage using small quantity of available sample.  
The work presented in thesis is divided into two parts, Section I describes the growth kinetics 
and adhesion properties of self assembled monolayers (SAM), which is further used for the 
development of immunosensor for cancer biomarker detection. The prime factors affecting the 
growth of SAM are the incubation time, cleanliness of surface and solution contamination. These 
factors affect the growth and adhesion properties of self assembled monolayers drastically and 
could affect the ultimate sensitivity and resolution of the device.  
In the second part of the thesis, different strategies employed for the development of 
immunosensor to detect carcinoembryonic antigen (CEA) and prostate specific antigen (PSA) 
cancer biomarker are studied. The electrochemical measurements described were used to study the 
performance of immunosensor. The different types of AuNS and supporting matrices (SM) such 
as pyramid, spherical and rod-like nanostructures and SAM, AuNS, and polymer brushes were 
used for the detection of cancer biomarkers. It is demonstrated that the use of different types of 
nanostructures has potential application for clinical applications.  
  
1.6 Thesis overview:  
The research work is arranged in a number of chapters, which will cover different aspects 
of SAM growth kinetics and performance of immunosensors for cancer detection.  
 In Chapter 2, a detailed study is presented for cancer biomarkers, the importance of supporting 
matrices for immunosensor preparation and then the different supporting matrices used in the 
present work are described briefly. In Chapter 3, detailed description and the fabrication of 
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immunosensors are presented. Similarly, the different characterization techniques used in the 
present work will also be discussed. Self assembled monolayers (SAM) are attractive systems that 
have the potential to control the chemical and physical properties of surfaces. The growth kinetics, 
adhesion, and annealing of SAM are very important parameters for applications of SAMs in 
biology. So, the objective of the work on SAMs in Chapter 4 was to study the nature of attachment 
of SAM with the surface and determine effect of structural transition on different properties of 
SAM as a result of annealing.  
 Chapter 5 is about the synthesis of immunosensors using different types of Au nanostructures such 
as the pyramid, spherical and rod-like for the detection of carcinoembryonic antigen.  Chapter 6 
describes the use of co-polymer brushes based sandwich immunosensors for the detection of 
prostate specific antigen (PSA). The electrochemical measurements were performed to analyze the 
performance of immunosensors. The purpose of the work described in chapters 5 and 6 was to 
develop the surface modified immunosensor with various types of nanostructures and to determine 
its efficiency (sensitivity& selectivity). Finally, the results are summarized and future directions 
are given in Chapter 7.  
 1.7  Summary:  
In this chapter, a brief overview of the electrochemical immunosensors was presented for 
the detection of antibody/antigen reaction. Two main strategies, which have been adopted for 
antibody/antigen, i.e., labeled detection and label-free detection were also discussed briefly. Some 
advantages and disadvantages of labeled and label-free detection have also been presented.  
Finally an overview and the goal of the thesis were presented in this chapter.    
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Chapter 2  
Classification of cancer biomarkers and detection   
In the last few decades, technology advances in cancer detection methodologies have 
implicated the research in cancer biomarkers. In oncology, early diagnosis, prevention and the 
improvement in drug formulation, have gained much importance in cancer treatment. The use of 
cancer biomarkers not only result in early cancer diagnosis as well as improve the patient outcome 
by ensuring the effectiveness of a drug.  
The present chapter describes the use of different types of cancer biomarkers for diagnostic 
purposes. It also highlights the importance of different types of supporting matrices used for the 
preparation of immunosensors, which play an important role in diagnosis.  
 2.1  Cancer biomarkers:  
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 Biomarkers play an essential role and have the potential applications in the field of oncology, 
which provides the diagnosis, prognosis, response of drug treatment, and monitoring of disease 
progression [1-3]. Due to a tremendous increase in doing the tests for cancer diagnosis in last few 
decades, it has become essential to have a thorough understanding of biomarkers and their role in 
diagnosis. A biomarker is a substance that detects the occurrence and the state of disease in body; 
however, a biomarker, which is indicative of presence of cancer in a body, is termed as the cancer 
biomarker [4-5]. For example, prostate specific antigen (PSA) is a glycoprotein which is produced 
by the prostate gland. A small quantity of PSA is always present in healthy men, but its level are 
often elevated in the presence of prostate cancer. Thus, PSA is the most common serum maker 
used for the detection of cancer. Similarly, carcinoembryonic antigen (CEA) is produced during 
fetal development and its production stops before birth. So, a low concentration of CEA is usually 
present in the blood. But with the development of some types of cancers (colon and rectal etc) its 
level is raised. In these cases, CEA is used as a tumor biomarker for the clinical tests. Cancer 
biomarkers are useful for accurate evaluation of disease and could determine various stages of 
cancer. They are also helpful in early detection of disease, outcome prediction and detection of 
disease recurrence [6-7].  In the next section, a classification of biomarkers is given.  
 2.2  Classification of biomarkers:  
   2.2.1 Biomarkers based on disease state:  
 On the basis of clinical use and the diseased state, a cancer biomarker can be classified into four 
categories as shown in Figure 2.1.The first type of biomarker is diagnostic biomarker used to detect 
and identify a particular type of cancer in an individual subsequently providing information about 
the population having a specific disease. These biomarkers are useful in the detection of disease in 
patients whose tumor produce that particular kind of marker [8]. The diagnostic biomarkers have 
two important characteristics of being specific and highly sensitive in detection. Different types of 
diagnostic biomarkers are: calcitonin in medullary thyroid cancer (MTC) [9]. Similarly, human 
papillomavirus (HPV) is a diagnostic biomarker for uterine and cervical cancers as it is present in 
more than 90% cancer abnormalities [10]. The second class of biomarkers is prognostic 
biomarkers; these are helpful for identifying patients with cancer who are at high risk of metastatic 
relapse and therefore potential candidates for adjuvant systemic treatments. These biomarkers are 
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applied for screening [11] the patients. For an example, FGF18 is a prognostic and therapeutic 
biomarker for ovarian cancer [12]. The third type of biomarkers is predictive biomarkers; these 
biomarkers are DNA based and evaluate the drug response before the treatment starts. These 
biomarkers can differentiate between invasive and non-invasive, metastatic and non-metastatic and 
between normal and life-threatening tumors [13].  
  
Figure 2.1: Classification of cancer biomarkers based on disease state and on biomolecular 
detection.  
Sometime, the predictive biomarkers referred as response marker. These biomarkers exclusively 
allow the clinician to analyze the effect of specific drug and to select a specific dose for 
chemotherapy, which will work best for a particular patient. For example, for breast cancer 
abnormalities, the use of herceptin only shows Her2/Neu over expressions, whereas tamoxifen is 
the preferred treatment for other abnormalities in the breast cancer. Thus, Her2/Neu is a predictive 
cancer biomarker for the breast cancer [14].  
The fourth type of biomarkers is pharmacodynamic biomarkers, kind of biomarkers used 
to select the doses to treat tumor patients according to their conditions. These are helpful to 
determine the level of dose to be used for individual as well as optimizing the dose level below its 
cytotoxicity as shown in Figure 2.2.  
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Figure 2.2: Types of the biomarker. Prognostic tests help to identify individuals who are at high 
risk of cancer and should receive further therapy. Predictive biomarkers help to identify those drugs 
to which patients are most responsive (or unresponsive). Pharmacodynamic biomarkers can help 
to identify which drug dose to use for an individual [13].  
  
2.2.2 Biomarkers based on biomolecules:  
Based on biomolecular recognition, biomarkers excessive use can be divided into three 
categories. The first type is DNA biomarkers and the important DNA marker in most of the genes 
is a single nucleotide polymorphism (SNP) nucleotide sequence. It includes p53 (lung, head, and 
neck), BRACA1 and BRACA2 (breast cancer) and PGS2 (lung cancer). Other major DNA markers 
are the loss of heterozygosity (LOH), variation in copy number of genes, chromosomal aberration 
and epigenetic modifications [15-16]. The source DNA can be obtained from increased DNA 
concentration, tumor cell circulating in blood and bone marrow [17].  
 The genetic information preserved in micro-vesicles called exosomes helps to diagnose certain 
types of cancers, termed as RNA biomarker. The tumor releases micro-vesicles containing protein 
and RNA fragments in cerebral spinal fluid, blood, and urine. These exosomes carry information, 
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which can be analyzed to determine cancer’s molecular composition and state of prognosis [18]. 
The several types of cancer such as breast, prostate, colorectal, etc. can be detected by mRNA 
expression level. For example, for colorectal cancer, the expression levels of IMPDH2, CK20, 
MAP3K8, and EIF5A are strongly up regulated in comparison to the normal colorectal tissues [19]. 
Thus, the over expression of gene levels provide a novel therapeutic target for the colorectal cancer 
treatment. This suggests that mRNA expression profile can be used for prognosis and therapeutic 
outcome.  
The third type is the protein biomarkers, is one of the most important biomarkers, compared 
to DNA and RNA biomarkers, and is the only approved biomarkers [20]. The molecular paths of 
normal and transformed cells are affected by the proteins. So, the protein biomarkers are more 
applicable biomarkers for clinical use to detect the severity and progression of the disease state 
such as α-fetoprotein (AFP), β-human chorionic gonadotropin (HCG), and lactate dehydrogenase 
(LHD). These are used to determine the stage of testicular cancer [21]. Whereas, the expression of 
HER/NEU and cytokeratin are used for the prognosis of breast cancer [22] and HER2/NEU, 
epidermal growth factor receptor (EGFR), based protein biomarkers are used to predict breast and 
colon cancers [23].  
  
 2.3  Immunosensors for biomarkers detection:  
The development of devices for cancer biomarkers based detection is a great challenge, as 
early and reliable detection is very critical for clinical measurements [24]. The conventional 
devices being used are enzymes linked immunosorbent assays [ELISA], radioimmunoassay [25], 
chemiluminescence assays [26], and polymerase chain reaction (PCR) based techniques [27] 
providing sensitive and reliable detection of cancer biomarkers.   
Among these techniques, the ELISA technique is the main technique for quantitative 
analysis of different analytes in clinical, medical, and biotechnological applications. In ELISA, one 
of the reagents is immobilized on microwell along with the detection reagent conjugated with the 
enzyme to generate the signal that can be properly quantified [28]. ELISA has emerged as an 
attractive technique due to its high sensitivity and selectivity. For example, Wayner et al. have used 
ELISA technique for prostate cancer detection by AGR2 protein found in urine [29]. They 
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concluded that the amount of AGR2 was ranging from 3.6 to 181 pgml-1 and no AGR2 was detected 
in the urine of non–cancer patient.  
However, from last few decades immunoassays have been widely used in the different area 
such as diagnostics, therapeutic drug monitoring, and pharmaceutical industries [30]. Their 
importance in different areas was due to their specificity, high–throughput, and high sensitivity for 
analysis of different analytes. Currently, multiplexed immunoassays have been developed. In 
which, antibodies are immobilized in a parallel assay when incubated in the biological sample, 
target analytes are bound to the corresponding capture antibody. Then the target analytes are 
quantified by measuring the signal intensity [31]. One of the immunoassays was developed by 
Winder et al. investigate the set of ten cancer biomarker to diagnose breast cancer at an early stage 
[32]. They used cancer antigen (osteopontin), haptoglobin, cancer antigen 15-3(CA15-3), 
carcinoembryonic antigen (CEA), cancer antigen 125 (CA-125), prolactin, cancer antigen 19-9 
(CA19-9), α-fetoprotein (AFP), leptin, and migration inhibitory factor (MIF)) to detect breast 
cancer. A quantitative bead-based multiplex assay was developed and they concluded that the 
device could correctly classify the sample with 50% specificity and 50% sensitivity.  
Recently, microfluidics point–of–care devices are emerging due to their potential 
applications in diagnostics. These devices are very important as they provide a technology for 
manipulating small volumes of fluids with a miniaturized small chip. The lab–on chip (LOC) has 
a number of advantages such as the small volume of reagents and sample, and delivered results 
quickly. For example, Mu et al. have developed multiplex paper based microfluidics immunoassay 
to diagnose Hepatitis C viral infection, which is one of the causes for liver cancer [33]. They 
detected IgG antibody against HCV (anti - HCV) using patterned paper substrate. The 
microfluidics immunoassay shows the limit of detection of 267 amol and 26.7 fmol in 
chemiluminescence and calorimetry, respectively. So far, different methodologies have been 
adopted for the diagnosis of cancer. The challenge is there to diagnose cancer in early stages. So, 
different types of devices have been manufactured and still research has been in progress to resolve 
this issue.  
 2.4  Current Challenges in Protein Biomarkers:  
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 Protein biomarkers are becoming an essential part of clinical development, because they offer a 
faster alternative to the conventional drug development approach. But many challenges remain to 
be addressed before their use becomes a routine in clinical applications. Currently, protein 
biomarkers have proven to be useful in drug discovery and development, as a tool for target 
discovery and for the evaluation of a drug’s mechanism of action, as well as in therapies for 
prevention, early detection, diagnosis and treatment of various diseases [34].   
2.4.1 Key challenges of protein based biomarkers:  
Immunohistochemistry ((IHC) branch concerned with immune response) has been the 
method used in molecular pathology for protein biomarker analysis for several decades. This 
method detects and locates antigen in particular cellular compartments through a specific antibody-
antigen interaction. However, depending on the antibody or the antigen, the IHC method has some 
serious limitations as presented below [35].  
1. Secreted proteins can be challenging  
a. Diffusion of secreted proteins into the cellular compartments in the tissue can cause the 
dilution of antigens to a level below the sensitivity of the immunosensors.  
b. Diffusion of secreted proteins from sources other than the cells of interest makes it difficult 
to identify the cells of origin of the secreted proteins.  
2. Challenges in antibody development  
a. Reliable and sensitive antibodies lack many important proteins such as G protein-coupled 
receptors (GPCRs)[36], translational factors [37], and diffused proteins [38].   
b. Development and validation of new antibodies require considerable resources and can take 
long time, i.e., from six months to about a year, with no guarantee of success.  
  
 2.4.2  Currently used protein biomarkers   
The early detection of cancer has the potential to greatly reduce disease burden through the 
timely identification and treatment of affected parts at an early stage of development. Currently, a 
number of biomarkers have been used for the detection of cancer. For example, Zhe-Zhan et al. 
[39] have used multiplex biomarkers for the detection of liver cancer. They fabricated a novel array 
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of electrodes, which can simultaneously detect six biomarkers of hepatocellar carcinoma. The 
detection throughput of the proposed method was doubled in comparison with the traditional multi-
spot assays. Whereas, Kosaka et al. [40] have fabricated a sandwiched assay combined with a 
mechanical and an optoplasmic transducer for the detection of colon and prostate cancer, using 
carcinoembryonic antigen (CEA) and prostate specific antigen (PSA) biomarkers. A detection limit 
of 1 × 10−16g ml−1 in the human serum was achieved with both biomarkers, which were at least 
seven orders of magnitude lower than that achieved in routine clinical practices.  
Moreover, the rate of false positives and false negatives at this concentration was extremely low, 
10−4.  
 2.4.3  Controversy with PSA  
The best known cancer biomarker that has been used by the physicians to detect the disease at early 
stages is the prostate specific antigen (PSA). The serum PSA test has been widely used in screening 
for prostate cancer in the last few decades and has brought a dynamic increase in the early detection 
of prostate cancer. The upper limit of normal PSA level was considered to be 4 pgml-1 [41]. Any 
healthy individual with PSA level between 4 to 10 ngml-1 is recommended for biopsy [42], which 
is a painful process. Despite the advances made in serum PSA screening, it is still difficult to 
reliably detect the early stages of prostate cancer.  
  
 2.5  Supporting matrix for immunosensors:  
 The topography of immunosensor surface is very important that affects the response of 
immunosensors. Most biomolecules have the tendency to physically adsorb on the surface of 
immunosensor, which affects the sensitivity and specificity of immunosensor. Therefore, an 
interface (supporting matrix) is required between the substrate and biomolecules to increase the 
sensitivity and specificity. The use of supporting matrix can reduce the physical adsorption of 
biomolecules and, as a result high density of biomolecule immobilization can enhance the 
sensitivity of immunosensor.  
  2.6  Types of supporting matrix:  
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 There are many types of supporting matrices or platforms available for the synthesis of 
immunosensors such as gold nanoparticles, carbon nanotubes, nanowires, polymer brushes and 
self assembled monolayers, etc. [43-44]. The different supporting matrices used in the present work 
are discussed briefly in the following.  
   2.6.1 Self assembled monolayer (SAM):  
The self assembled monolayer (SAM) is the molecular assembly formed spontaneously by 
immersion of a substrate in a solution of an active surfactant of a suitable solvent. The basis of self 
assembly formation is the specific interaction between the head group of SAM and the surface of 
substrate [45]. SAM consist of three parts (a) surface active head group (e.g., sulphur in alkane 
thiol), which binds strongly with the surface of substrate (Au); (b) end or functional group, located 
at the surface of monolayers defining the interface properties of assembly and alkane chain; and 
(c) alkane chain, which serves as a linker between the head and end groups as shown in Figure 2.3 
[46].  
 a.  Formation of SAM:  
Self-assembly process is one of the most useful approaches for building many devices in 
the field of nanotechnology. Self-assembly of thiolate on a gold substrate is the most popular as it 
can easily be performed in the laboratories [47]. In general, 1-100 µM solution of thiolate is used 
for the formation of SAM. Whereas, the time for complete formation of SAM may vary from 1-12 
hours depending upon the nature of molecules to form the well ordered structure [48].  
  
  
Figure 2.3: Schematic diagram of SAM of alkane thiol on Au surface. The composition of SAM 
(a) head group (b) the functional group and, (c) the spacer layer are highlighted.  
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SAM is formed in solution by the adsorption of alkane (X-(CH2)n-S-H) on the Au surface. 
The adsorption of SAM on the surface takes place in a number of steps as shown in Figure 2.4 
[48]. In Figure 2.4 (a), the SAM physisorbed through Van der Waal interactions; (b) after 
physisorption process the chemisorption of sulphur head group to the gold surface takes place. It 
takes few minutes to complete the process.  
 
Figure 2.4: Scheme of different step during the self-assembly formation (a) physisorption (b) lying 
down phase (c) standing up phase and, (d) complete formation of SAM. After this,(c) the 
rearrangement of molecules in the ordered phase occurs, (d) forming totally covered and packed 
single monolayer [48].  
  
b. Conditions affecting the formation of SAM:  
 The formation kinetics and stability of SAM depends on various factors such as synthesis 
conditions, material adsorbate and the substrate conditions and properties. The variation in the 
head group, end group, chain length and substrate type also affects the assembly formation of the 
SAM. The complex surface with various degrees of order can be created by variation of the 
aforementioned conditions [49]. Covalent immobilization of biomolecules on different end groups 
results in attachment of different amount of biomolecules. For example, Zhao et al. has studied the 
effect of different end groups such as hydroxyl, amine and carboxyl on the immobilization capacity 
of DNA [50]. They have observed the ratio of DNA immobilization on the hydroxyl to carboxyl 
terminated and amino terminated SAM was (3-3.5): (1-1.5):1. Thus, the highest concentration of 
DNA immobilization was observed with hydroxyl terminated surface.  
  
  ( a )   ( b )   ( c )   ( d )   
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Similarly, solvent type, adsorbate concentration, and environment can also affect the 
kinetics of SAM formation. Rozlosnik et al., studied the effect of different types of the solvent 
such as dodecane, heptanes in a dry environment on the formation of octadecyl silane (OTS) SAM 
[51]. They demonstrated that the dry environment affects the kinetics of adsorption of SAM and 
wide concentration range from 25 µM to 2.5 mM also led to the complete surface coverage 
formation of SAM.  
The length of hydrocarbon chain also affects the assembly formation of SAM as the long 
chain alkane thiol forms ordered and oriented films [52]. It has been observed that the defect 
density decreases with the increase in the chain length [53]. SAM has been synthesized on different 
types of substrate, such as titanium [54], stainless steel [55], tantalum [56], gold [57], and 
zirconium [58]. Among all of them, Au surface is preferred for the formation of SAM as it is simple 
to prepare flat clean Au surface and stable surface and it is inert to form an oxide layer [59].  
c. Agglomeration of the SAM:  
 There are various factors, which cause the formation of defects within the monolayer includes 
both intrinsic and extrinsic factors. The external factors, which causes the contamination in the 
formation of SAM is the roughness, surface defects, cleanliness of the substrate, and preparation 
methodology and adsorbate purity [60]. If the SAM solution is not freshly prepared it also causes 
the agglomeration in SAM formation [61].  
There are some other types of defects namely intrinsic defects, which are less appreciated 
in comparison to extrinsic detects and depend on the dynamic nature of SAM itself. These are 
caused by the thermodynamics of SAM formation and are not trivial to eliminate compared to the 
extrinsic defects. The weak adsorbate-surface interaction is one of the causes for intrinsic defects. 
Another cause of the intrinsic defects is the steric strain caused by the molecules of SAM, which 
affects the stability of SAM [62]. The combinations of extrinsic and intrinsic defects decrease the 
ability of SAM to efficiently modify the formation of SAM on the surface.  
d. Effect of annealing on SAM:  
Self assembled monolayer is formed by the adsorption of thiol molecule on the gold surface 
at room temperature. The different growth conditions and appearance of defects are the hindrances 
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for the formation of well-ordered SAM. However, annealing the SAM surface results in the 
formation of some ordered surface and also shows the thermal stability of SAM at elevated 
temperatures ranges from 90 to 180°C [63-64]. This suggests that annealing the SAM surface at 
elevated temperatures enhances the SAM surface morphology. The surface morphology is 
improved by increased coverage area of the ordered domains, reduced voids and other structural 
defects [65]. This happens because annealing increases the diffusion rate of adsorbed molecules 
on the surface. This in turn increases the surface coverage and ordering of the SAM on a gold 
surface [66].  
2.6.2 Gold nanoparticles (GNP):  
 The novel properties of gold nanoparticles have made them a good biocompatible candidate in 
many important biomedical applications including biosensors [67]. As Au nanoparticles provide 
large surface area so several different biomolecules can be incorporated in the same nanoparticle. 
The novel feature provided by the Au nanoparticles for biosensors is its excellent biocompatibility, 
large surface area, potential carrier and an ability to transfer electron between the protein and the 
electrodes, which also leads towards the amplification of electrochemical signal. On the basis of 
biomedical applications, the use of nanoparticles has been divided into four categories: labeling, 
heating, delivering and sensing shown in Figure 2.5.  
 
Figure 2.5: Different applications of gold nanoparticles in cancer therapy.  
  
( a )  
( b )  
( c )  
( d )  
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a. Gold nanoparticles for labeling:  
 Au nanoparticles have potential applications in labeling as they can absorb and scatter light. This 
property of gold nanoparticles can be used to detect the tumor cells in the blood. The use of gold 
nanoparticles with dyes can enhance the specificity of technique towards the detection. Wang et 
al., has reported the detection of circulating tumor cells (CTC) in blood by labeling them with gold 
nanoparticles [68]. In this method, the nanoparticles were linked with epithelial growth factor 
(EGF). When the laser shines, particles show a sharp pattern specific to dyes due to the use of Au 
nanoparticles. It was also demonstrated that different types of nanoparticles could be used to 
enhance the signal and give precise information about tumor cells [69].  
b. Gold nanoparticles as a heat source:  
 For cancer therapy, hyperthermic techniques are used to destroy the cancerous tissues. In this 
technique, the heat is applied to the whole body, which heats up the cancerous cells as well as 
healthy cells. The only disadvantage of this technique was the damage to the healthy cells.  
Kirui et al report the killing of the cancer cells using gold nanoparticles [70]. The use of Au or 
other types of nanoparticles can target cancer cell better and reduce the damaging of healthy 
tissues.  Actually, Au nanoparticles absorb energy when interacting with light due to the energy 
gained by the free electrons. When excited electrons relax, the thermal energy is transferred to the 
Au lattice and this thermal energy is used to destroy the cancerous tissues.   
c. Gold nanoparticles for drug delivery:  
 Due to the non-toxic nature of gold nanoparticles, Au nanoparticles can be used for the delivery 
of drug, gene any other molecule to a cell as shown in Figure 2.5 [71]. The high surface area and 
tenability of Au nanoparticles make them an excellent candidate for the attachment of drug. 
Zubarev et al. used 2 nm Au nanoparticles and covalently functionalized them with the 
chemotherapeutic drug, paclitaxel [72]. This approach led towards the efficient release of drug and 
offered a new alternative for drug delivery system.  
d. Gold nanoparticles for sensor applications:  
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 Au nanoparticles have been used for chemical and biological sensing due to their unique 
properties. The aim of Au nanoparticles is to specifically recognize the analyte molecules to 
provide output that depends on the concentration of analytes shown in Figure 2.6. For example, 
Springer et al., has used biofunctionalized Au nanoparticles to detect the carcinoembryonic antigen 
(CEA) in blood plasma [73]. The lowest concentration obtained using Au nanoparticles was as low 
as 0.1 ngml-1 well below the normal physiological level.  
  
Figure 2.6: Different shapes of Au-NS used for the sensing of biomolecule.  
Similarly, Umasanker et al., have used Au nanoparticles for sensitive detection of methyl 
salicylate using electrochemical technique [74]. It was shown that the use of Au nanoparticles 
improved the sensitivity three times compared to the plane Au electrode. Whereas, Ho et al., used 
Au nanoparticles for detection of lung cancer associated antigen using electrochemical 
immunosensor [75] and showed that the Au nanoparticles based assays provide the detection limit 
as low as 11.9 fgml-1. So, the novel properties of Au nanoparticles make them a potential candidate 
for biomedical applications.  
2.6.3 Polymer brush:  
 From last few decades, the immobilization of biomolecules on solid surface has attracted much 
attention. The biomolecules can be immobilized directly or through a spacer layer to a solid 
surface. Various types of supporting matrices have been used; one among them is the polymer 
brush. The polymer brush is the chain of polymer with ends tethered to a solid surface shown in 
Figure 2.7. The thickness of the polymer brush can be controlled, thus providing enough space for 
the immobilization of proteins [76]. The tethered surface with polymer brush on the solid surface 
increases the biocompatibility and biomolecular recognition capabilities [77].   
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Figure 2.7: Schematic of a polymer brush, in which the thickness represent the brush height (H) is 
larger as compared to the anchor distance (D).  The red dot represents the chemical bond or 
attachment of polymer brushes with the substrate.  
 a.  Types of polymer brushes:  
 On the basis of chemical composition, polymer brushes can be divided into two categories: (a) 
homopolymer brushes; these brushes require one type of monomer solution for   
 
brushes  
Figure 2.8: Classification of polymer brushes based on one type of monomer (a) homopolymer 
brush and different types of monomers (b) co–polymer brushes [79].  
 
  
  ( a )  Homopolymer  ( b) Co - polymer brushes  
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Figure 2.9: Grafting methods for preparing of polymer brushes by ‘‘grafting to’’, ‘‘grafting 
through’’, and ‘‘grafting from’’. ‘‘Grafting to’’ involves the coupling of individual side chains to 
a common backbone polymer. ‘‘Grafting through’’ consists of the polymerization of 
macromonomers. ‘‘Grafting from’’ involves the growth of the side chains from a well-defined 
backbone macroinitiator [81].  
their synthesis [78]; (b) co-polymer brushes; in this type of brushes, the side chain is structurally 
different to the main chain and this require two types of monomer solutions for their synthesis such 
as random, block and heterografted polymer brushes shown in Figure 2.8 [79-80].  
  
 b.  Synthesis of polymer brushes:  
   There are three main techniques used for the synthesis of polymer brushes as shown in  
Figure 2.9 (a-c); (a) “Grafting to” in this method functionalized polymer brush chain is attached 
with the surface having other functional group. The functional groups react with each other and 
with the polymer brush grafted on the surface as shown in Figure 2.9 (a). (b) “Grafting from” in 
this synthesis method, initially the initiator is attached to the surface; this provides a predetermined 
number of initiation sites for the polymerization reaction to occur with the use of monomers. This 
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kind of polymerization is achieved by atom transfer radical polymerization (ATRP) method is 
shown in Figure 2.9 (b). In ATRP, the initiator plays a key role and this method produces the 
polymer brush with high grafting density and larger thickness. (c) “Grafting through” this approach 
involves the polymerization of the macromonomer (whose one end act as monomer) with initiator 
attached on the surface as shown in Figure 2.9 (c). This method also provides high grafting density 
of polymer brush [81].  
  
 2.7   Summary:  
 In this chapter, an introduction about the detection of cancer using different types of cancer 
biomarkers was presented. The different devices employed for the detection of cancer and the 
importance of immunosensor due to their high sensitivity was also described. The different types 
of supporting matrix can be used for the detection of antibody/antigen interactions. The different 
supporting matrix such as SAM, Au nanoparticle, and co–polymer brush was discussed in detail. 
The importance and their applications were also discussed briefly.  
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Chapter 3 Fabrication and characterization techniques  
 This chapter presents the experimental conditions for the fabrication of samples studied during the 
course of this research, namely, SAMs and various configurations of immunosensors. The 
characterization tools used to do the structural, morphology and to determine the immunosensor 
performance are also described. This includes the cyclic voltammetry, differential pulse 
voltammetry, and impedance techniques  
 3.1  Formation of self assembled monolayers:  
The self assembled monolayer of thiol (Hexadecanethiol) formation kinetics was studied 
first and then the different methodologies adopted for the development of immunosensor will be 
described briefly in this section.  
3.1.1 Preparation procedure:  
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a. Deposition of gold:  
 The Si (100) substrate with a thin layer of native oxide layer was used to study the morphology of 
nanostructures and the growth of self assembled monolayer (SAM). First of all Si substrate was 
washed ultrasonically for 20 minutes and dried with argon (Ar) stream.  After the cleaning process, 
5 nm chromium (Cr) was deposited to enhance the sticking of Au film to the surface.  The Au 
surface was prepared by sputter deposition of 100 nm Au on the cleaned Cr coated Si substrate at 
a rate of 2Å/sec at the base pressure of 8.0×10-6 mbar and substrate temperature of 300°C. These 
samples were characterized using atomic force microscopy (AFM) and field emission scanning 
electron microscopy (FESEM) to determine the morphology of the surface.  
b. Self assembled monolayer (SAM) preparation:  
 This section deals with the development of self assembled monolayer (SAM) as shown in Scheme 
3.1. Initially, the Au modified surface was annealed at 300°C for 3 hours to reduce the surface 
roughness to 4.0 ± 2 nm. After this, the annealed surface was ultrasonically washed and rinsed 
with ethanol. The SAM was developed at different incubation times (1, 3, 5, 7, 9 hours), followed 
by surface washing with ethanol and deionized water. Lastly, the SAM modified surface was 
annealed at 100 °C for 1 hour.  
  
Scheme 3.1. Different steps followed for the preparation of a substrate for the development of 
SAM.  
c. Sample details:  
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 Different experiments were carried out to study the growth kinetics of SAM as shown in Table 
3.1. The important parameters for the growth kinetics of SAM were the incubation time and its 
annealing from here two sets of samples were prepared one is as grown and other is annealed one. 
All the experiment were performed at room temperature, washed with ethanol and dried under the 
stream of nitrogen after every step of preparation.  
Table 3.1. Sample detail used to study the adhesion and SAM formation kinetics.  
Serial 
no  
  
  
  
SAM development  
Incubation 
time  
(hours)  
  
  
  
Annealed SAM  
  
  
  
1 hour  
100 °C  
Incubation 
time  
(hours)  
1  1  1  
2  3  3  
3  5  5  
4  7  7  
5  9  9  
3.2 Synthesis of electrochemical immunosensor:  
 An immunosensor is comprised of three components; first is the biological element which has to 
be detected. The second part is the transducer, which is to be modified with different supporting 
matrix to covalently attach the biomolecules on the surface. The third is the signal processing using 
different characterization techniques. The different methodologies adopted for immunosensor 
preparation is illustrated below in detail.  
3.2.1. Electrodeposition of Au nanostructures:  
 The three types pyramid, spherical and rod-like nanostructures were electrodeposited on the 
prepared gold surface. The pyramid, spherical and rod-like nanostructures were deposited from the 
solution of 0.1 M perchloric acid (HClO4) containing 40, 40 and 4 mM Hydrogen tetrachloroaurate 
(III) (HAuCl4) trihydrate, respectively, at -0.08, -0.2, and -0.08 V verses Ag/AgCl, respectively 
for 2 minutes shown in Table 3.2 [1-2].  The morphological details are given in chapter 5.  
Table 3.2: Parameters used for electrodeposition of pyramid, spherical and rod-like gold 
nanostructures.  
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Nanostructure  Hydrogen  
Tetrachloroaurate  
HAuClO4 ( mM)  
Perchloric acid  
HCLO4 (M)  
Voltage  
(V)  
Time 
(min)  
Pyramid  40  0.1  -0.08  2  
Spherical  40  0.1     -0.2  2  
Rod  4  0.1  -0.08  2  
  
3.2.2. Immunosensor preparation for CEA detection:  
 The steps followed for the detection of carcinoembryonic antigen (CEA) is shown in Scheme 3.2. 
Initially, three geometries, like pyramid, spherical, and rod-like nanostructures were 
electrodeposited on Au surface (step 1) using conditions shown in Table 3.2 followed by 
development of cysteamine SAM (5 mM, 24 hours) on the Au nanostructured surface (step 2). 
Later, the carcinoembryonic (CEA) antibody (1 µgml-1, 24 hours) was immobilized on SAM   
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Scheme 3.2. Schematics of preparation of nanostructured immunosensor for CEA detection.1-4 
represent the steps of synthesis as discussed in the text.  
Table 3.3. The sample details for CEA cancer biomarker synthesized using different types of Au 
nanostructures.  
Serial 
no  
  
Cancer 
biomarker  
Au 
nanostructure  
  
pH  
CEA  
concentration  
(ngml-1)  
Specificity 
(100 ngml-1)  
1    
  
Carcinoembryonic 
Antigen (CEA) 
detection  
  
• Pyramid  
• Spherical  
• Rod-like  
3  0.001  Hepatitis B virus 
surface antigen  
2  4  0.01  
3  5  0.1  α-fetoprotein  
4  6  1  
5  7  10  Prostate cancer 
antigen  
6  8  100   
7    1000  
  
modified surface (step 3). Lastly, the different concentration of CEA (1 pg to 1000 ngml-1, 2 
hours) was used to form the CEA antibody/antigen complex (step 4). The surface was washed 
with ethanol and deionized water (DI) after every step of preparation of immunosensor. a. 
Sample details:  
 Various parameters used during the electrode preparation for detection of CEA cancer biomarker 
are shown in Table 3.3 such as pH of the solution, the concentration of the analyte and specificity 
of the immunosensors.  From here, four different electrodes with bare Au, pyramid, spherical and 
rod–like nanostructures were prepared and their performance was examined individually. All the 
experiments were carried out at room temperature.  
3.2.3. Immunosensor preparation for PSA detection:  
 The Scheme 3.3 shows the steps for the preparation of sandwich immunosensor for prostate 
specific antigen (PSA) detection. Initially, the spherical nanostructures were electrodeposited 
using conditions as shown in Table 3.1. Then the OEGMA (oligo ethylene glycol methacrylate)-
GMA (glycidyl methacrylate) co–polymer brush was synthesized on the nanostructured surface. 
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After this, PSA antibody (1 µgml-1, 24 hours) was immobilized on co– polymer brushes. Then the 
different concentrations of PSA (5 pg to 1000 ngml-1, 2hours) were used. Lastly, the silica 
nanoparticles conjugated with secondary PSA antibody was immobilized to make the sandwich 
immunosensor. The washing of substrate was done with tris buffer solution (TBS) and DI water 
after every step of preparation.  
 a.  Details of sample:  
 The different experiments performed for detection of PSA are shown in Table 3.4 the different 
parameters such as pH of the solution, the concentration of PSA antibody, the concentration of 
analyte, specificity and reproducibility was also examined to study the performance of 
immunosensor.  Two sets of a sample were prepared from here, one is on plane Au electrode and 
other is on the spherical nanostructured (SNS) electrode. All the experiments were carried out at 
room temperature and washed with tris buffer solution (TBS) and deionized water (DI). Then the 
nitrogen gas was used to dry the electrodes.  
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Scheme 3.3. The synthesis of POGMA-co-GMA brush, antibody attachment, subsequently antigen 
attachment then the conjugating with Silica nanoparticles+secondary antibody and the molecular 
structure of POGMA–co-GMA brush.  
 3.3  Characterization:  
  The different characterization techniques employed to characterize the synthesized samples 
are described briefly in the following sections.  
3.3.1 Atomic Force Microscopy (AFM):  
AFM is a technique used to study the morphology of the surface. It is based on a simple 
principle: a sharp tip fixed at the end of a cantilever, whichraster scans the surface of a sample. 
Figure 3.1 shows the schematics of AFM; (a) the laser is incident on the cantilever and (b) the 
deflected laser is detected by the photodetector. The laser deflection observed due to tip sample 
interaction changes during raster scan and is used to study the surface morphology of the surface 
[3].  
  
Table 3.4: Details of synthesized samples studied for the preparation of immunosensor for PSA 
detection.  
Serial no  Cancer 
biomarker  
Types of 
electrodes  
pH  PSA antibody 
concentration  
(ngml-1)  
Dynamic 
range  
(ngml-1)  
Specificity 
(100ngml-1)  
1    
  
Prostate 
specific 
antigen 
(PSA)   
  
  
• Plane Au  
• SNS 
electrode   
5  400  0.005  Prostate specific 
antigen  
  
Anti-Aflatoxin  
M1  
  
Immunoglo-bin  
G  
  
  
α- Feto protein  
2  6  700  0.01  
3  6.5  1000  0.03  
4  7  1300  0.06  
5  8  1600  0.1  
6     1  
7  10  
8  100  
9  1000  
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Figure 3.1.The figure shows the schematic diagram of AFM with (a) laser incident on cantilever, 
and (b) the deflected beam’s detection by the detector.  
Depending on the mode of interaction between the tip and sample, the AFM can be operated 
in different modes, non-contact mode and contact mode  
 
Figure 3.2. Schematic of a typical cantilever deflection verses piezo height curve. The blue curve 
represents the approach curve toward the sample and red line the retract curve of f–d curves.  
  
( a )   ( b )   
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In non–contact mode AFM the tip is oscillated at the resonance frequency and the 
amplitude of the oscillation is kept constant. Whereas, in contact mode AFM the tip and sample 
are in close contact during the scan and deflection of the cantilever is kept constant [4].The contact 
mode AFM is usually employed to study the force-distance (f–d) curves. A typical forcedistance 
curve is shown in Figure 3.2 [5] is obtained from the approach and retract cycle of the tip and 
measuring the deflection of the cantilever. As tip approaches to the surface, the cantilever remains 
undeflected until it is in close proximity to the sample. As the tip is close enough to the surface it 
experience Van der Waal forces. These forces bend the tip and move down towards the sample. 
During retraction, the scanners pull the tip away from the sample surface. At some point, the 
cantilever retracts enough and detach from the surface and at this point, the cantilever remains 
undeflected [6].  
In the present work, two types of AFM were used, one is the Agilent’s PicoPlus AFM 
(available in CIIT) was used in the contact mode, to determine the surface topography. It was 
employed to do the force-distance measurements with the silicon nitride tip having a spring 
constant of 0.437 Nm-1 and tip radius of 10 nm. The second is SPM 3100, Veeco Instruments 
(AFM) (available at NTU, SINGAPORE). The Scanning Image Processor (SPIP-version-5.1.11) 
was used to convert force deflection curves to force-distance curves.  
3.3.2 Field emission scanning electron Microscopy (FESEM):  
In FESEM, electrons are ejected from a field emission source; these primary electrons are 
focused and deflected by lenses to produce a narrow beam that bombards the object. As a result, 
secondary electrons are emitted from object and detector detects these electron and produce 
electronic signal [7]. FESEM produces less electrostatically distorted and clear image which is 
used to determine the shape, size, and density of electrodeposited nanostructures. In present work 
JEOLJEM-2100F FESEM with as chottky field emission electron gun (FEG) at 120 KV up to 200 
KV was used to study the morphology of different types of nanostructures.  
3.3.3 Zeta Potential measurements:  
All particles in contact with liquid acquire a charge on the surface. Zeta potential is the 
measurement of this charge and determines the stability of particle in the liquid. In present work, 
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Zetasize Nanosers (Marlven Instruments) was used to find out the zeta potential of silica 
nanoparticles used in sandwiched immunosensors.  
3.3.4 Electrochemical impedance Spectroscopy (EIS):  
 EIS is a powerful technique for the characterization of electrochemical system as it can give 
accurate kinetic and mechanistic information about the reactions in the electrochemical cell [8]. 
This information of electrochemical system can be collected by the variety of techniques and 
output formats. The different techniques of EIS used in present work are described here briefly.  
In present work, the electrochemical studies were carried out using CH electrochemical 
analyzer model 760D with CHI 760D software. The platinum, saturated calomel (SCE) or Ag/AgCl 
and modified electrodes were used as counter, reference, and working electrodes, respectively. All 
the cyclic measurements were performed in Ruthenium hexamine or ferricyanide in 0.1M KCl 
solution with scan rate of 50 mVs-1 at pH=7.  
  
 a.  Impedance spectroscopy:  
Impedance spectroscopy is a powerful method to examine the impedance of  
electrochemical system. It is highly sensitive to the surface modifications. In this technique, an 
impedance spectrum is obtained at different frequencies rather than at single frequency. Two types 
of impedance plots can be obtained; first is the Nyquist plots, these are the plots between real and 
imaginary parts of the impedance as shown in Figure 3.3 (a) [9]. The Nyquist plot is a combination 
of kinetic (semicircle part at high frequency) and diffusion (straight line in low frequency region) 
process.   
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Figure 3.3. (a) Nyquistplot, and (b) bode plot of impedance spectra.  
The diameter of semicircle depends on the charge transfer resistance, and the intersection 
of a semicircle with the real axis at high frequencies is related to Ohmic resistance of the electrode. 
The impedance spectra are used to determine equivalent circuits of the electrochemical cell. These 
circuits are the combination of capacitors and resistors, depends upon the surface modifications. 
The one the shortcomings of Nyquist plot is that it does not reflect the frequency range was used 
to record that point. This shortcoming is overcome in bode plot of impedance shown in Figure 3.3 
(b) [10]. It is the plot between impedance and frequency; providing information about frequency.  
 b.  Equivalent circuits and z-view software:  
 In order to interpret the impedance data quantitatively, priority is to find out an appropriate 
equivalent circuit. The use of Randle equivalent circuits simply provides the different aspects of 
underlying mechanism of charge transport.  
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Figure 3.4. Some simple equivalent circuits, (a) for a simple redox reaction, and (b) Randle 
equivalent circuit for redox reaction with diffusion [11].  
The simplest equivalent circuit used to demonstrate the physical process is shown in Figure 
3.4 (a). It consists of charge transfer resistance (Rct), solution resistance (Rs), and double layer 
capacitance (Cdl). This circuit is applied when the mass transport of reactant and product is constant 
at the interface. However, when one needs to add the diffusion of charge species one is to add the 
diffusion. In electrochemical systems, diffusion of ionic species at the interface is common. So, 
Warburg impedance ZW was introduced in the equivalent circuit as shown in Figure 3.4 (b). It 
depends on the kinetic and diffusion parameters [11]. Generally, it is difficult to measure the 
physical parameters such as charge transfer kinetics, diffusion of ion species, and double layer 
capacitance, etc. So, by use of equivalent circuit different kinetic and diffusion parameters can be 
extracted.  
  
    
( a )   ( b )   
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Figure 3.5. (A) Cyclic voltammetry excitation signal applied to working electrode (B) Obtained 
CV curve by applying potential to working electrode.  
Then z-view software (Scribner Associate) is used for the modeling of the equivalent 
circuit. Different parameters of the electrochemical system such as charge transfer resistance, 
double layer capacitance, and solution resistance, etc. can be evaluated by fitting the real data to 
the equivalent circuit in z-view software  
c. Cyclic voltammetry (CV):  
 Cyclic voltammetry (CV) is an electrochemical technique in which working electrode potential is 
linearly ramped and measuring the resulting current. The potential of working electrode is 
measured against the reference electrode, which is maintained at constant potential. The input 
voltage applied to working electrode is shown in Figure 3.5 (A) [12].  The scan starts from point 
to and end on t1. This is the switching point at which oxidation or reduction occurs.  
After this, the scan reverses its direction from t1 to t2 shown in Figure 3.5 (B).  
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Figure 3.6. (a) Input signal of differential pulse voltammetry (b) Differential pulse voltammetry 
output  
  
d. Differential pulse voltammetry (DPV):  
In DPV technique series of small pulses are superimposed on stair case potential shown in 
Figure 3.6 (a). In this, the current is sampled twice immediately before each potential change and 
the current difference obtained is plotted as a function of potential. This technique is quite useful 
for electrochemical system as its output is peak shaped with non Faradaic contribution (shown in 
Figure 3.6 (b)) and Ohmic drop effect is also reduced significantly compared to other 
electrochemical technique [13].  
  
3.4 Summary:  
  
( b )   
( a )  
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 In this chapter, details of the experimental procedure were presented for the preparation of SAM 
and immunosensor. The optimized conditions used for the experiments were also discussed.  A 
brief introduction about the characterization techniques along with the details of the sample was 
also given in this chapter. By using specific techniques such as AFM and FESEM, the surface 
morphology of different surface was studied. Whereas, a complete description of electrochemical 
impedance spectroscopy and z-view software used to fit the data was also presented. The complete 
detail of all experiments will be described in the respective chapter.  
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Chapter 4 Adhesion and elastic properties of multi layered SAMs  
  
The interaction of biological molecules with any solid surface plays an essential role for 
the development of a system for biomedical applications, particularly the detection of biological 
molecules in biosensors and immunosensors. These interactions can be tailored on solid support 
by modifying the surface with different types of supporting matrices [1] and self-assembled 
monolayer (SAM) is one of the supporting matrices to study these interactions [2]. The present 
chapter describes the effect of various parameters, which can modify the formation of SAM. The 
adhesion and elastic properties of the modified SAM will be studied by using the atomic force 
microscopy (AFM) in the contact mode. The effect of annealing on thickness, surface coverage, 
elastic and adhesion properties will be explained in detail in this chapter.  
4.1 Self assembled monolayers (SAM):  
 SAM is the spontaneously ordered organization of molecules on a solid surface [3]. The driving 
force for the formation of SAM is the specific interactions between the head group and the 
substrate. SAM molecules consist of three parts, the head group (Figure 4.1 (a)) which strongly 
binds with the substrate surface; the terminal group (Figure 4.1 (b)) through which biological 
molecule attaches on the surface and determines the interfacial property of SAM; and the 
intermediate spacer layer (alkane chain) (Figure 4.1 (c)) which acts as a linker between the head 
and the terminal groups as shown in Figure 4.1 [4].  
The preparation of SAM was first demonstrated by Nuzzo et al. in early 80’s to modify the 
surface chemistry of the substrate [5,6]. The development of SAM on the substrate provides an 
organic interface other than metal and/or metal oxide. The study of SAM formation offers a deep 
understanding of self-organization, surface property relationship, and interfacial phenomena. 
Besides this, the tailoring of head and tail groups of SAM provides an excellent system with the 
fundamental understanding of intermolecular, molecular-substrate, and molecule-solvent 
interactions such as growth of ordered structure, its adhesion, and corrosion [7]. The design 
flexibility provided by the development of SAM on surface offers wide range of applications, 
which range from the preparation of surfaces for protein separation and devices for protein 
detection for clinical purposes [8].  
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(b) Terminal group  
(c) Alkane chain  
(a) Head group  
  
Figure 4.1: The schematics of self assembled monolayer formation on a gold surface. Head groups 
interact with surface, spacer layer boost the structure of monolayer. The terminal group is used to 
modify the properties of a surface.  
  
4.1.1 Heat treatment of self assembled monolayers:  
 The change produced due to the heat treatment on SAM formation is very important as can be 
used in many applications. The annealing process inhibits the agglomeration or multilayered 
structure formation due to the diffusion of SAM molecules on the surface. As a result, the 
agglomeration decreases, increase in large single molecular domain formation [9] and grain density 
also increases. Besides this, the annealing influences numerous properties of SAM such as 
molecular ordering, friction, elastic [10], and adhesion properties. Chun et al. reported the effects 
of temperature on frictional and adhesion properties [11], which showed that the annealing 
temperature below 70 ºC slightly affected the SAM assembly, and above 70 ºC it became quite 
significant. Mildred et al. showed that annealing alkane thiol above 125 ºC exhibited permanent 
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changes in the monolayer structure [12]. So, the temperature between 70 ºC and 125 ºC was 
investigated in the present work to determine the elastic and adhesion properties.   
This was achieved by performing force–distance spectroscopy of the grown and annealed SAMs.  
  
  
 
  
 
Figure 4.2. (a) Schematics of tip approach and retract of a force spectroscopy (b) plot of approach 
(red) and retract (blue) curve of contact mode AFM [13].  
  
4.1.2 Force distance curve (f-d) features:  
  
In order to study the different types of interactions and adhesion properties, force distance 
(f-d) spectroscopy plays a vital role. The force–distance (f-d) curves provide a deep understanding 
about the interaction forces between the AFM tip and the sample [13]. In f–d curves, when the tip 
is brought in or out known as approach or retract (Figure 4.2 (a)) and its corresponding f-d curves 
are shown in Figure 4.2 (b). The different types of interaction experienced by the tip during 
approach and retract are summarized in Table 4.1.  
 
( a )   
 
( b )   
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During the f–d curve tracing, initially the tip is far away from a sample before approaching, 
so there is no interaction between the tip and sample. When the tip approaches the surface of a 
sample, the attractive forces overcome the spring constant of tip and jump in contact occurs at this 
point. The separation between the tip and sample was further decreased. This causes a deflection 
in the tip and repulsive forces increases in this region. This is the approach curve represented by a 
red line in Figure 4.2 (a) and (b). Similarly, when the tip lifts off from the surface, it remains in 
contact due to some adhesion forces between tip and sample. With the further retraction of a tip 
from the surface, at some distance the force of tip is enough to overcome the adhesion forces and 
jump–off occurs at this point. Then, the tip moves away from the surface and breaks the connection 
between the tip and the surface [11]. This is the retract curve represented by a blue line in Figure 
4.2 (a) and (b).  
  
Table 4.1. An overview of different types of interaction experienced by tip at different points 
during approach and retract.  
  
  
 Approach      
Tip is far away      No interaction  
Tip approach       Electrostatic forces  
          Long range interactions  
Tip close to surface    
Contact  
  Van der waal  
                                                 
1 .2. Experiments: Synthesis and characterization:  
 Silicon (Si) substrates (each 5×5 mm2) was ultrasonically cleaned for 20 minutes and dried with 
a stream of argon.  After cleaning, substrates were coated with 5 nm chromium (Cr) by e–beam 
evaporator with an emission current of 12 mA and at the working pressure of 1× 10-6 mbar. Cr was 
deposited to improve the sticking of Au to the surface. After this, 100 nm Au was sputtered on the 
substrate at a rate of 2 Å/sec at the base pressure of 8 × 10-6 mbar and a substrate  
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Tip indenting sample   
Retract  
  Stiffness (young modulus, elastic response)  
Tip lifting off surface     Adhesion  
Tip further away      Stretch molecules between tip and surface  
Tip far from surface     Connection broken between tip and sample, no interaction  
  
temperature of 300ºC.Following this, the substrate was annealed at 300 ºC for 3 hours to reduce 
the surface roughness. The average surface roughness obtained was 3.9 ± 2 nm and the surface 
topography as obtained from the AFM in non-contact mode is shown in Figure 4.3. Finally, the 
SAM of hexadecane thiol was developed for different incubation times (1, 3, 5, 7, and 9 hours) in 
an ethanolic solution of 1 mM concentration.   
  
Figure 4.3. Atomic force microscopy image of the bareAu surface. The measured surface 
roughnesswas 3.9 nm.  
After the development of SAM, the substrate was rigorously washed several times to 
remove physically adsorb SAM and dried under a stream of nitrogen. SAM modified substrate was 
then annealed at 100 ºC for 1 hour.  
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Scheme 4.1: The different steps followed for the preparation of substrate initially the gold 
deposition then the development of self assembled monolayers lastly annealing of SAM modified 
substrate.  
The scheme of preparation of the SAM is shown in Scheme 4.1. Following this, two set of the 
sample has been prepared one is the as grown and other is annealed SAM. AFM was used to study 
the surface morphology of SAM and f–d spectroscopy was performed to study the elastic and 
adhesion properties of hexadecanol SAM.  
4.3. Results and Discussions:  
4.3.1 AFM analysis: Surface morphology:  
 The atomic force microscopy was performed to study the surface morphology of the as 
grown (left column) and annealed (right column) SAM and is shown in Figure 4.4 incubated for 1, 
3, 5, and 9 hours. Figure 4.4 shows the growth comparison of as grown and annealed SAM. It can 
be clearly observed from AFM images that the SAM adsorbed as a larger grains initially. Then 
these grains grew as an island and got agglomerates for as grown SAM. This showed that even at 
1 hour incubation time the structures were not a monolayer. As the incubation time increased from 
1 to 9 hour, the layered assembly revealed surface structures with many bundles separated by. 
These bundles had been formed due to the formation of multilayered structures because of 
agglomeration of molecules with incubation time, which resulted in the formation of islands of 
varied heights. Whereas, for annealed SAM, the island appeared in the area that was vacant in case 
of as grown SAM. In addition, the size and height of island also decreased compared to as grown 
SAM. This confirmed that the diffusion of molecules take place on the surface due to annealing 
which reduced the layered assembly and bundle formation.   
The kinetics of assembly and agglomeration/multilayer formation of SAM was determined 
from the AFM images and the thickness and surface coverage were plotted as a function of 
incubation time as shown in Figure 4.5 (a) and (b), respectively. For correct thickness estimation, 
the initial thickness of the surface before modification was subtracted from the thickness of the 
SAM modified surface [15] and is displayed in Figure 4.5 (a) as a function of incubation time.  
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It showed an increase in the thickness due to the formation of multilayered structures as a 
consequence of agglomeration of molecules, which increased with the incubation time.  This also 
resulted in the formation of islands of varied heights.  The agglomeration at higher incubation can 
be due to the fact, at higher incubation time the SAM solution was not fresh as for 1 hour, so the 
coupling agent solution became cloudy with time. As a result, the molecules first agglomerated 
before being adsorbed on the surface. This suggested that SAM so prepared was not well ordered 
at higher incubation time. It was also observed that the island size increased from 105.8, 123.3, 
118, 124, and 159 nm for 1, 3, 5, 7, and 9 hours of incubation time, respectively.   
Incubation 
time (hrs)  
As–grown  Annealed  
1  
    
3  
    
5  
    
7  
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9  
  
    
  
Figure 4.4. 3D topographic images of the as grown SAM (left column) for 1, 3, 5, and 9 hours of 
incubation time. The right column shows the annealed SAMs for the different incubation time.  
 
  
Figure 4.5. AFM results of thickness and surface coverage of hexadecane thiol for (a) the as grown, 
(b) annealed SAM, and (c) change in thickness of SAM.   
 The surface coverage was also evaluated to observe the growth of the as grown SAM shown in 
Figure 4.5 (a) (right vertical). It can be seen that initially the surface coverage increased with 
incubation time and got saturated at around 22% after 3 hours of incubation time. This showed that 
after 3 hours the molecules adsorbed in the agglomerated form, which increased the thickness of 
SAM but saturated the surface coverage to 22%.Similarly, the growth kinetics of hexadecane thiol 
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were studied by Kim et al. [16] on gallium arsenide substrate using photoluminescence and Fourier 
transform infrared spectroscopy. The results obtained showed similar behavior as the incubation 
time increased, sufficient surface coverage was achieved and the hexadecae thiol molecules began 
close packing by van der Waals attractions.  
 In order to reduce the effect of agglomeration and multilayered formation, the as grown SAM was 
annealed at 100ºC for 1 hour, which had considerable effect on the formation assembly of SAM as 
shown in Figure 4.5 (b). The comparison between different parameters of the as grown and 
annealed SAM is shown in Table 4.2. It can be seen that the thickness of annealed SAM reduced 
from 9 ± 1.4 nm to 5 ± 1 nm for 1 hour of incubation time. However, the thickness increased from 
5.0 ± 1.0 to 13.0 ± 2.8 nm as the incubation time increased from 1 to 9 hours. It can be concluded 
from here that the enhanced surface diffusion of molecules occurred as a result of annealing. A 
similar effect was also observed on the surface coverage. The surface coverage improved by a 
factor of 2 making it to 45%. This effect was more prominent for higher time incubated samples. 
So, the annealing improved the SAM assembly, which is a fundamental requirement for the SAM 
sensor.  It was therefore, imperative to study the effects on adhesion properties of the annealed 
SAM.   
Table 4.2. Thickness, surface coverage, and aspect ratio of the as grown and annealed hexadecanol 
SAM.  
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Annealed 
  
The change in the SAM thickness as a result of annealing was determined and is plotted in 
Figure 4.5 (c). In case of annealed SAM, the thickness of monolayer for 1 hour was about 5 ±  
1 nm, more or less equal to the height of a single monolayer.  For higher incubation times, the 
height showed the formation of bilayers in the annealed SAMs. Whereas, in the as grown SAM, 
the thickness increased to 56 ± 3 nm at higher incubation time. It indicates that the multilayered 
structure was formed in the case of as grown SAM. This multilayered structure diffused by 
annealing and reduced to the bilayer as confirmed from AFM. Thus, it was confirmed that the 
annealing improved the SAM assembly, which is fundamental requirement for SAM sensor.   
4.3.2 Growth of island:  
        
    
Incubation time    
 
Thickness  
 
Surface coverage    Aspect ratio     
    
 (hours)         (nm)       (%)        
 1        9.3       16       0.58    
As grown  
   
  
  
    
       
 3       17.9       20.7       0.86  
 5         26       22       1.1    
 7       39.7       22.3       1.8  
 9        56       22.5       2.5    
    
     
    
    
    
 1        5        30        0.16    
 3       11.4       26      0.43  
 5        15        30.5        0.49    
 7       12.9       37       0.35  
 9       13        45        0.29    
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 The effect of incubation time and annealing on the formation of layered structure was further 
studied from the plot of height to lateral size ratio (aspect ratio) of the as–grown and the annealed 
SAM as a function of incubation time as shown in Figure 4.6 (a). It can be seen that, in case of the 
as grown SAM, the aspect ratio started from 0.5, reached the maximum value within 3 hours of 
incubation time. It showed that density of islands decreased and their average lateral size increased 
with the incubation time as shown in Figure 4.6 (b). The island number density (N/µm2) was also 
determined. The island number density came out to be 74 /µm2 for 1 hour and it decreased to 45 
in case of 9 hours of incubation time. It indicated that for as grown SAM, the vertical growth was 
much faster than the lateral growth and at higher incubation time the coalescence of islands resulted 
in the decreased the density of islands.  
However, on annealing the SAM, the lateral diffusion increased which improved the 
surface coverage and density of islands from 74 to 303 /µm2 for 1 hour of incubation time. 
Whereas, in case of annealed SAM, the aspect ratio was always less than 0.5. This showed that on 
annealing the SAM, molecules disentangled and diffused to the neighboring adsorption sites, 
which reduced the thickness and increased the surface coverage and density of islands [17]. At 
higher incubation time, larger molecules diffused to the nucleation sites which reduced the island 
density to 174 for 9 hour of incubation time.  
Thus, the diffusion of molecules improved the surface coverage of SAM to 45% and the 
aspect ratio improved almost by almost 90% from the as grown to the annealed SAM and became 
0.2 for 9 hours of incubation time.  This clearly indicated that annealing improved the quality of 
the SAM and improved the surface coverage. This is very important for application in sensors and 
immunosensors.  
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Figure 4.6: (a) The ratio of average height to the surface coverage (b) the island size for as grown 
and annealed SAM as a function of incubation time.  
  
4.3.3 Force–distance (f–d) spectroscopy:  
 The force–distance spectroscopy was performed to quantify the adhesion properties of the SAM. 
The adhesion properties were determined from the work done during approach– retract cycle of 
the force–distance (f–d) curves for the as grown and the annealed SAM is shown in Figure 4.7. 
The f–d curves were taken on huge number of islands for 1, 3, 5, and 9 hours of incubation time, 
the right column (as grown) and left column (annealed) SAM, respectively.  
It was observed from Figure 4.7, for the as–grown layered assembly; the loop areas 
enclosed by the approach and retract cycle, increased with the incubation time. Whereas, small 
loop area was observed in the annealed SAM case compared to the as-grown SAM. This suggested 
that at higher incubation time, the agglomeration and multilayered structures acted as large 
molecules, which gave a well-defined area for interaction between the tip and the SAM surface. 
So, when the tip retracted from the SAM surface, a definite change in the hysteresis loop was 
observed for the two SAMs, i.e., for the as-grown and the annealed ones. However, the asgrown 
and annealed SAM showed steep slope at7, 9 hours compared to 1, 3, and 5 hours of incubation 
time. It was also observed that the pull–off force and pull–off distance varied as the growth of 
monolayer progressed. So, these parameters (pull–off force, loop energy, and detach separation) 
for different incubation times were evaluated from f–d curves.   
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 As Grown Annealed 
    
 
  
Figure 4.7: The force–distance curves of as grown (left column) and annealed (right column) SAM 
for (a) 1 hour (b) 5 hour and (c) 9 hours of incubation time.  
 It can be seen from Figure 4.7 that the contact area between the tip and the sample changed in both 
cases, i.e., the as grown and annealed SAM with incubation time. So, this was attributed to the 
higher incubation time, the agglomeration and multilayered structure acted as a large molecule, 
which gave well defined area for the interaction of tip and the surface. So, when the tip was 
retracted from the sample surface, a definite change in the hysteresis loop was observed from the 
as grown and annealed SAM. Similarly, Lee et al. [18] studied the effect of structural transition 
from ordered to disordered on adhesion properties. The order to disorder transition in monolayers 
resulted in dramatic increase in the adhesive forces and the hysteresis loop. It also showed that 
hysteresis loop had a greater sensitivity towards the unloading rate for disordered monolayers. The 
different type of information, e.g., detach separation, loop energy, pull–off force and elastic 
modulus were extracted as shown in Figure 4.8 (a-b) and Figure 4.9 (a -b) as a function of aspect 
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ratio They were plotted as a function of aspect ratio as it made the comparison simple and 
independent of morphology of as grown and annealed SAM. The detach separation was the 
distance from the surface at which the tip experienced zero net force on retraction and is plotted in 
Figure 4.8 (a) for  as grown and corresponding annealed SAMs.  
  
 
Aspect Ratio 
  
Figure 4.8. The plot of force–distance data (a) detach separation (b) loop energy for different aspect 
ratio for annealed and as grown SAM.  
 It can be seen that in case of annealed SAM the detach separation had value of 104 nm at an aspect 
ratio of 0.16 and dropped to a lowest value of 42 nm at the aspect ratio of 0.45. The detach 
separation dropped linearly with the slop of 185 ± 7 nm obtained from the linear fit of the 
experimental points. With the further increase in aspect ratio, the detach separation increased and 
became saturated at the aspect ratio of 0.85 with a value of 161.5 nm and the detach separation 
became independent of aspect ratio from this point onwards. The detach separation increased 
exponentially with an exponent of 0.15 in case of the as grown SAM. The thickness to surface 
coverage (aspect ratio) also showed an exponential behavior with an exponent of 0.17. At the same 
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time, the thickness of the as grown SAM increased linearly with a rate of 5.5 nm/hour and the 
surface coverage increased exponentially with the exponent of 1.51. Thus, it can be attributed from 
here that the detach separation was dependent on the growth rate of the SAM and showed the 
multilayered formation of SAM.  
 It was interesting to compare the loop energy of the f–d curves for as grown and annealed SAM. 
It determined the amount of energy associated with the making and breaking of the bonds between 
the SAM molecules and the tip surface, which was extracted from the loop area of the f– d curves. 
Further, the loop energy was determined as a function of aspect ratio and is shown in Figure 4.8 
(b). At low aspect ratio, the loop energy was 1.5 × 10 -14 J, which dropped to its lowest value (0.1 
× 10-14 J) at an aspect ratio of 0.35. It again increased sharply with a maximum (2.12 × 10-14 J) at 
an aspect ratio of 0.5. The loop energy again increased with further increase in the aspect ratio. As 
the aspect ratio increased to a value higher than 2; the loop energy also exceeded the value of 20 
fJ. This increase in the loop energy was ascribed to the attachment of increased number of 
molecules to the tip of surface, which clearly highlighted the critical role of the entanglement of 
molecules on the surface during the formation of self assembled layers.  
 Another important parameter, i.e., the pull–off force was also extracted and is plotted as a function 
of aspect ratio in Figure 4.9 (a) and the data is presented in Table 4.3. It shows that the adhesion 
forces strongly depended on the assembly of molecules attached on the surface of sample [19]. 
The pull–off force was the lowest at an aspect ratio of 0.35 with a value of 8 nN and then it 
increased sharply to a maximum value of more than 100 nN at an aspect ratio of 0.45.  It then 
dropped to 40 nN and reached the maximum value of 100 nN.  It is interesting to note that in the 
case of the as grown SAM, the value of pull off force was always higher. This was probably due 
to high aspect ratio, which meant thicker layers and randomly oriented molecules.  The probability 
of attaching more molecules was always high in this case and that caused a large value of the pull–
off force. The large value of pull–off force at the lowest aspect ratio was probably due to the effect 
of a substrate.  The AFM images clearly showed that in the as–grown SAM, the size of islands was 
much large and the curvature was high, which probably led to the attachment of multiple molecules 
to the tip compared to annealed ones, which led to high value of the pull–off force. This showed 
that the structural aspects such as disordered packing density affected the adhesion properties of 
SAM.  
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Aspect Ratio  
  
Figure 4.9. (a) Pull–off force (b) elastic modulus as a function of aspect ratio obtained from force–
distance curves for the as grown and annealed SAM.  
4.3.4 Extraction of elastic modulus:  
AFM is a useful technique to study the elastic properties of the SAM, followed by 
measuring the pull–off force (F) using contact mechanics theoretical models. The most commonly 
used theoretical models are Johnson-Kendall-Roberts (JKR) and Derjaguin–Muller– Toporov 
(DMT) for the analysis of interfacial energy (ɤ) (work of adhesion) and contact area (a) between 
the tip and the sample. These models describe the relationship between the pull – off force and the 
work of adhesion (WA). The JKR [20] model assumed that forces act only inside the tip–sample 
contact area shown in Figure 4.10. In the JKR theory the contact is considered to be adhesive. 
Hence the theory correlates the contact area to the elastic material properties plus the interfacial 
interaction strength. Due to the adhesive contact, contacts can be formed during the unloading 
cycle also in the negative loading (pulling) regime. whereas, DMT [21] include the long ranged 
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surface forces outside the tip–sample contact area. The difference in both models occurs in 
considering the nature of forces between the tip and sample.  
  
       
  
Figure 4.10: (a) JKR: fully elastic model considering adhesion in the contact zone, (b)DMT fully 
elastic, adhesive in the contact zone.  
It is not easy to select which contact mechanic model that should be applied for the 
evaluation of the pull–off force and the contact area. For this Maugis suggested a dimensionless 
parameter (λ) which refers about the transition between JRK and DMT models. The dimensionless 
parameter λ is defined as [22]  
  
                                       Eq (4.1)  
  
  
Where, zo is the equilibrium separation between the tip and the sample, R is the tip radius, WA is 
the work of adhesion and K is the reduced elastic modulus. For λ→∞ (λ≥ 5), the JKR model 
applies, and for λ→0 (λ≤ 0.1), the DMT model is more appropriate [23].   
The JKR model was applied to determine the work of adhesion and area of contact between 
the tip and the sample and is given by [24]:  
  
                             Eq (4.2)  
  
Where, P is the applied load evaluated from f–d curves, R is the radius of the tip (R = 10 nm), W 
is the work of adhesion, is a measure of the strength of the contact between tip and surface and K= 
, in which E and v are the elastic modulus and Poisson ratio of the substrate. The maximum 
( a )  ( b )  
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load applied by the tip on the sample was determined from f–d curves. The average value of applied 
load came out to be 100 nN. Whereas, the work of adhesionwas calculated by the following 
formula [25], where F is the pull–off force and R is the radius of the tip. The average 
value of the radius of contact area came out to be 4 nm2. Further, the effective modulus  between 
the tip and sample was calculated from the following equation [26]:  
         Eq (4.3)  
  
Where E, Ei, and v, vi are the elastic modulus and Poissons ratio of the sample and the tip. The 
elastic modulus was evaluated using Eq. (4.3), the average value of 1, 3, 5,7 and 9 hours of 
incubation time was 0.3 and 1.3 GPa for as grown and annealed SAM, respectively.  
  
Table 4.3: Pull–off force and elastic modulus of SAM for the different incubation time.   
  
    
Incubation time    
 
Pull off force      Elastic modulus  
    
 (hours)          (nN)         (GPa)  
     1            100          0.54   
As grown  
  
  
    
       
     3             85.4           0.11  
      5            38.1          0.28  
     7            62.4          0.21  
     9            103.2     
 
    0.31  
    
Annealed     
    
    
    
      1            82.4           0.31  
      3           102.8          0.27  
      5            80.7           0.28  
     7           7.44           2.5  
     9           11.6     
 
     3.3  
85  
  
 The behavior of the elastic modulus of the as grown and the annealed SAM is plotted in Figure 
4.9 (b). The variation in the elastic modulus can be divided into two regions, one high aspect ratio 
and other low aspect ratio region. These regions resulted from the variation of van der waal 
interaction with the aspect ratio. At high aspect ratio, agglomerated structures were formed and 
resulted in a small value of the elastic modulus. This modulus further decreased by a factor of 2 at 
high aspect ratio. This showed that in this region, the molecules got agglomerated, the 
intermolecular forces between the tip and surface decreased and the tip only interacts with the 
surface molecules resulted a decrease in elastic modulus. Whereas, at low aspect ratio, the 
molecules diffused on the surface and the maximum value of elastic modulus was observed at the 
aspect ratio of 0.4. This was due to the fact that as the molecules adsorbed on diffusion sites the 
additional intermolecular forces experience by the tip due to the prescence of CH group in alkane 
chain at the surface. In a similar manner, Frank et al. [27] studied the elastic and adhesive properties 
of alkane thiol self assembled monolayers while varying the chain length. It was shown that the 
decrease in the chain length from 18 to 5 caused the elastic modulus to decrease from 1.00 to 0.15 
GPa and it increased the work of adhesion from 82.8 to 168.3 mJm-2. This showed that distinct 
changes in chain orientation, order, and coverage, affects the elastic and adhesive properties of self 
assembled monolayers. So, the present work showed thatthe the size dependance of elastic 
modulus..  
  
4.4. Conclusions:  
Atomic force microscopy was used to study the influence of experimental conditions such 
as incubation time and annealing effect on the quality and adhesion properties of the hexadecanol 
SAM. At an initial stage of the growth, molecules adsorbed on the surface, and formed islands with 
large aspect ratio. As the time of incubation increased the agglomeration/ multilayered formation 
increased. At higher incubation time, more molecules adsorbed on the surface and caused an 
increase in the inter-molecular interaction and increased the aggregate size as well as the thickness 
of the layer. Annealing of the SAM reduced the agglomeration and thickness as the reconstruction 
of SAM took place. Molecules desorbed and reduced the agglomeration and increased the surface 
coverage. The force–distance spectroscopy was performed to study the adhesion properties of the 
SAM by AFM. The detach separation, pull–off force and loop energy, which were extracted from 
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the f-d of the AFM in contact mode and showed a strong dependence on the aspect ratio. A 
theoretical model was applied to extract the elastic modulus of the SAM, which came out to be 0.3 
and 1.3GPa for the as grown and annealed SAM, respectively. In summary, the variation in 
compliance of surface structure directly affected the pull off force measurements and elastic 
modulus.  
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Chapter 5  
Effect of Au nanostructure morphologies on CEA detection   
  
Over last few decades, the use of various kinds of Au nanostructures has gained attention 
for antibody/antigen detection. The large surface area provided by the Au nanostructures 
increased the loading capacity of antibodies/antigens, which in turn amplifies the detection signal. 
This chapter describes the electrodeposited various kinds of Au nanostructures morphologies on 
the immunosensor performance, particularly the CEA biomarker.  
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5.1. Introduction:  
5.1.1 Importance of Au nanostructures:  
    
 Different kinds of nanostructures such as nanoparticles, nanorods, and nanotubes show interesting 
electrical and optical properties [1] due to enhanced surface areas.  Nanostructures have a much 
greater surface area to volume ratio compared to bulk forms, which can lead to greater chemical 
reactivity and affect their reaction. Also at the nanoscale, quantum effects become much more 
important in determining the materials properties and characteristics, leading to novel optical, 
electrical and magnetic behaviors. The use of different kinds of nanostructures in immunosensors 
actually increases the detection signal [2]. For example, Guo et al proposed the immunosensor in 
which electrode modified with carbonized TiO2 nanotubes (TNT/C) enhanced the direct 
electrochemistry behavior of the hemoglobin (Hb) [3]. Au nanoparticles play an essential role in 
enhancing the performance of immunosensor.  Previously, Au nanoparticles have been extensively 
used for the detection of antibodies, deoxyribonucleic acid (DNA), etc. Zhu et al immobilized Au 
nanoparticles on the glass slide and then detects the signal through localized surface plasmon 
resonance (LSPR).  In this experiment, the response time of the protein–LSPR is less than three 
seconds and they obtain reversible and reproducible response [4]. Recently, Sun et al. fabricated 
Au nanoparticles on glassy carbon electrode (GC) for carcinoembryonic antigen detection and 
demonstrated that the current of the immunosensor was increased by 4% after one month. The 
prepared GC-phenylenediamine–Au-NP immunosensor has also shown high sensitivity, a wide 
linear range, low detection limit, and good selectivity and stability [5].  
  
5.1.2 Effect of size and shape of Au nanostructures:  
The nanostructure shape/size has a significant influence on the performance of 
immunosensor. Attachment of different morphologies of Au nanostructures increases the 
electroactive surface area of the electrode. The increase in surface area allows enhancement in the 
immunosensor performance by improving the limit of detection and sensitivity [6]. Different 
shapes of Au nanostructures such as spherical, pyramid, rod-like and hexagonal have been studied 
to improve the performance of immunosensor [7-8]. For example, Liu et al. studied the morphology 
dependent electrochemistry and eletroanalytical activity of cytochrome (cyt. C) adhered at the 
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surface of  the pyramid, spherical and rod-like nanostructures [9]. It was demonstrated that the 
electroanalytical activity strongly depended on the morphology of nanostructures. Further, Kauret 
et al. studied the size dependence of Au nanoparticles on the binding activity of a protein by using 
Au nanoparticles in the range of 5–60 nm [10].  A strong influence of particle size on the binding 
activity was found. Whereas, Sharma et al., fabricated immunosensor for detection of alfatoxin B 
antibody (aAFB1) using spherical shaped nanoparticles [11]; showing a sensitivity of 0.45 μA ng−1 
dL, limit of detection of 17.90 ng dL−1 and a response time of 60 s.  
  
5.1.3 Enhanced Electrochemical sensing by Au nanoparticles:  
  
The use of immunosensor/biosensors from last few decades has gained attention over 
conventional devices due to their easy preparation and potential application for clinical purposes 
[12]. The electrochemical detection has an advantage of being highly sensitive, rapid and 
inexpensive technique; as small changes due to antibody/antigen interactions on the sensor surface 
can be observed by electrochemical measurements. A significant enhancement in electrochemical 
signal has been observed by the use of Au nanoparticles, which improved the sensitivity and limit 
of detection (LOD) of immunosensors [13]. Au nanoparticles have been frequently used as they 
show good biocompatibility, provides large surface area and it facilitates electron transfer between 
the redox protein and electrode causing the signal amplification [14].  In this chapter, three different 
types: pyramid, spherical, and rod-like Au nanostructures were deposited on the electrode surface 
to detect the cancer biomarker: carcinoembryonic antigen (CEA). CEA is an important biomarker 
for clinical diagnosis of gastrointestinal cancer especially colorectal malignancy [15]. In present 
work, electrochemical measurements were performed to compare the performance of three types 
of nanostructures such as pyramid, spherical, and rod-like. For comparison purposes, the surface 
area, sensitivity and limit of detection were evaluated for immunosensors prepared with the three 
types of nanostructured surfaces and compared with bare Au surface. All the electrochemical 
measurements were performed in 10 mM Fe(CN)-3 in 1 M KCl at a scan rate of 50 mVs-1.  
 5.2  Experiment:  
Three different types of Au nanostructures: spherical, pyramid and rod like were 
electrodeposited on plane Au electrodes. Before deposition of nanostructures, Au electrodes 
were cleaned using 0.3 and 0.05 µm alumina powder followed by ultrasonically cleaning of the 
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electrodes for 5 min. Afterward, Au nanostructures were electrodeposited under different 
conditions, such as different concentrations of hydrogen tetrachloroaurate (HAuClO4) and 
applying different voltages as illustrated in Table 5.1.  
Table 5.1: Different parameters used for electrodeposition of Au nanostructures.  
 
The pyramid nanostructures were formed at -0.08 V in a 40 mM HAuClO4 solution, 
whereas, spherical nanostructures were formed at a potential of -0.2 V with 40 mM HAuClO4 
concentration. On the other hand, at -0.08 V with a lower concentration of HAuClO44 mM rodlike 
nanostructures were obtained. The nanostructured electrodes were obtained at the step 1 as shown 
in Schematics 5.1 [16].  
The synthesized nanostructured electrodes were then incubated in cysteamine (5 mM) 
solution for 24 hours to form the self-assembled monolayer as step 2 of the schematic 5.1. After 
immobilization of the SAM the nanostructured–SAM–modified electrode was incubated in 
monoclonal carcinoembryonic antibody (ACEA) (1 µgml-1) solution for 24 hours followed by 
the immersion in 1-Ethyl–3-(3-dimethylaminopropyl) carbodiimide (EDC, 0.2M) and 
NHydroxysuccinimide (NHS, 0.05M) for activation of carboxylic group in ACEA as step 3. 
Finally, in the last step, different concentrations of the carcinoembryonic antigen (CEA) in the 
range 1 pg to 1000 ngml-1 were used for antibody/antigen reaction to determine the performance 
of the modified electrode as shown in Scheme5.1. The electrodes were washed and dried after 
every step of the synthesis of immunosensor.  
Nanostructure  Hydrogen    Perchloric acid  Voltage  Time  
Morphology    tetrachloroaurate   HCLO 4   ( ) M        ( V )    ( min )  
HAuClO 4   mM ( )  
Pyramid      40         0.1      - 0.08        2  
Spherical      40         0.1      - 0.2        2  
Rod        4         0.1      - 0.08        2  
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Scheme 5.1: Schematics of preparation of immunosensor for the detection of Carcinoembryonic 
antigen.  
  
5.3   Optimization of synthesis parameter:  
 5.3.2  pH response of buffer:  
  
The pH of the solution has a profound effect on the performance of immunosensor as the 
electrochemical behavior and biocatalytic activity was greatly affected by the pH of the solution. 
In order to investigate the effect of pH on the performance of immunosensor, the ferricyanide 
solution with different values of pH from acidic to basic was prepared. The cyclic voltammetry 
measurements of electrodes tethered with spherical nanostructure–ACEA–CEA were performed 
in the pH range from 3-8. The concentration of CEA used was 100 ngml-1. For antibody/antigen 
immunosensor, the reported pH value is in the range of 6-7 [17]. The value of average peak 
current obtained for different pH values is shown in Figure 5.1; the current response increased 
initially with the increase in pH from 3 to 7.  For pH>7, the current decreased. This showed that 
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antibody/antigen complexes dissociated with an unsuitable pH value of the working solution, 
which affected the current response of the nanostructured immunosensor. So it was concluded 
that the pH value had a significant effect on the current response of the nanostructured 
immunosensor. Therefore, the optimal pH value selected for all subsequent experiments was 7.  
  
  
  
 
Figure 5.1: Current response of immunosensor at different pH values of the solution.  
 5.3.3  Effect of incubation time:  
The influence of incubation time on the amperometric response was also studied as the 
reaction required some time to form antibody/antigen complexes and the response is shown in 
Figure 5.2. All electrodes modified with three different morphologies of nanostructures, i.e., 
pyramid, spherical and rod like showed the same exponential behavior. During the incubation time 
of 5 hours; the ΔI increased with time and a maximum limit and after 5 hours it changed slowly, 
indicating the saturation of conjugation of CEA with ACEA. From the aforementioned 
experimental conditions, the optimal time of 2 hours for incubation was selected in order to prevent 
the saturation of CEA, where reasonable current values were also obtained.   
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Figure 5.2: Effect of the incubation time on the current response of immunosensor.  
 5.4  Results and discussions:  
5.4.1 Morphology of Au nanostructures:  
The morphology of pyramid, spherical and rod-like nanostructures were visualized by the 
field emission scanning electron microscopy (FESEM) and the atomic force microscopy (AFM) as 
shown in Figure 5.3 FESEM (a-c), AFM (d- f).    
   
( a )  ( d )  
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Figure 5.3: (a-c) SEM images and (d-f) AFM images of the pyramid, spherical and rod like 
nanostructures.  
The three types of Au nanostructures (AuNS) were electrochemically deposited on the Au 
electrodes using different conditions as shown in Table 5.1, which included applied voltages and 
different concentrations of hydrogentetra chloroaurate (HAuCl4) with a reaction time of two 
minutes.  
 The electrodeposited pyramid nanostructures have edge length in the range from 60 to 350 ± 7 
nm with an aspect ratio of 1.82. The synthesized spherical nanostructures have an average 
diameter of 15 ± 1 nm, rod like nanostructure grew with an average diameter of 120 ± 3 nm and 
height variation of about few hundreds of nanometers. The roughness of surface evaluated from 
the AFM images was 1.65 ± 0.05, 1.60 ± 0.20, and 1.45 ± 0.05 nm, for the pyramid, spherical and 
rod-like nanostructures, respectively.  
  
    
( b )  
( c )  
( e )  
( f )  
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 The change in surface area of the nanostructures modified electrodes was also determined. For 
this purpose, the effective surface area of nanostructures was determined by using the relation [18]; 
[So + n* (average area of nanostructures)]. Where So is the region of interest (ROI), i.e., specifically 
selected area of AFM/SEM scan, which was 25 µm2 and n was the average number of 
nanostructures in ROI. The value of surface area came out to be 63, 70, and 60 µm2 for the pyramid, 
spherical, and rod-like nanostructures, respectively, as shown in Table 5.2. The surface area was 
enhanced by 2.5, 2.9, and 2.4 times for pyramid, spherical, and rod-like nanostructures, 
respectively as compared to the bare Au electrode surface. It was compelling to compare the 
response of immunosensor for carcinoembryonic antigen (CEA) using these three types of 
nanostructures modified electrodes in terms of their surface area, and surface coverage.   
Table 5.2: Different parameters obtained for pyramids, spherical and rod-like nanostructures.  
  
 
   
5.4.2 Electrochemical behavior of Au nanostructured electrodes:  
In order to compare the performance of three types of Au-NS electrodes, the 
electrochemical activity of these electrodes were studied by performing electrochemical 
impedance and cyclic voltammetry (CV) measurements in 10 mM K3Fe(CN)6  solution with the 
addition of 1 M KCl as a supporting electrolyte.   
  
Nanostructures      Surface Area  i o  k o *10 - 8     A    Surface Coverage      
  ( µm 2 )       ( µAcm - 2 )  ( cm - 1 )           µcm ( 2 )    ) ( %  
Pyramid    63           1.45  2.94    61    52.9  
Spherical    70           2.92  5.94    68    63.4  
Rod - like    60           0.91  1.78    55.9    40.7  
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Figure 5.4: (a) Bode plot of the pyramid, spherical and, rod-like nanostructures. The inset shows 
the equivalent circuit which consist of solution resistance Rs, charge transfer resistance Rct, and 
double layer capacitor Cdl. (b) Cyclic voltammetry measurements of the pyramid, spherical, and 
rod-like nanostructures using 10 mM Fe(CN)-3 in 1 M KCl at a scan rate of 50 mVs-1.  
The bode plot of impedance and CV results obtained for three types of nanostructures 
electrodeposited on electrodes are shown in Figure 5.4. The scans were performed at a scan rate of 
50 mVs-1. The inset of Figure 5.4 (a) shows the equivalent circuit, in which double layer 
capacitance stored the electrical energy by means of electrical double layer effect. This electrical 
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phenomenon appears at the interface between a conductive electrode and an adjacent liquid 
electrolyte. This equivalent circuit was used to fit the bode plot of impedance in z-view software.  
The value of charge transfer resistance was determined, which was 20.5, 12.3, 6.5, and 9.8 KΩ for 
bare Au, pyramid, spherical, and rod-like nanostructured electrodes, respectively. The bare Au 
electrode showed a high value of charge transfer resistance as compared to the electrodes tethered 
with nanostructures. This showed that the electrochemical performance was greatly enhanced by 
the deposition of nanostructures on electrodes. Among three types of nanostructures, the spherical 
nanostructured electrode showed the lowest value of charge transfer resistance. It showed that the 
shape of nanostructure played a key role in the electrochemical behavior as well as in 
immunosensor performance as can be seen in Figure 5.4 (b), which shows the CV response of the 
bare Au, pyramid, spherical and rod-like nanostructured electrodes, respectively. The CV response 
was in agreement with the electrochemical impedance measurements. The direction of one 
complete cycle of CV scan as mentioned in Figure 5.4 (b) started from 0.4V and brought down to 
0V and then back to 0.4V. The first cycle of CV scan has been shown in the inset of Figure 5.4 (b).  
However, the scan became stable after the third cycle onwards. During the first cycle; the current 
started from zero value and then saturated to a positive current as the cycle completes. After third 
cycle, the scan became stable and independent of the number of cycles. It was observed that 
modified electrodes with nanostructures increased the peak current from 6.2 to 7.3, 8.2 and 6.2 µA 
for the pyramid, spherical and rod-like nanostructured electrodes, respectively. The spherical 
nanostructured electrode showed the highest conductivity compared to other two types of 
nanostructured electrodes. Whereas, the potential separation between oxidation and reduction peak 
decreased from 90.5 mV to 66.4 mV for the spherical nanostructured electrode, which indicated 
that the nanostructured surface was more reversible than the bare Au electrode surface. This 
showed that amperometric response depended upon the surface area, number density, size and type 
of nanostructure decorated on the electrode. It was also observed that the spherical nanostructure 
showed a superior performance compared to other two types of electrodes due to their large surface 
area as shown in Table 5.1.  
 Furthermore, to examine the performance of three types of nanostructured electrodes the value of 
exchange current density ((io), it reflect intrinsic rates of electron transfer between analyte and the 
electrode. Such rates provide insights into the structure and bonding in the analyte and the 
electrode) and the standard rate constant ((ko), quantifies the rate of a chemical reaction) was also 
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calculated. It was expected that the high value of io and k
o corresponded to a better performance of 
the immunosensor. By using Butller–Volmer equation, values of io and ko for each electrode was 
calculated by following equation [19-20]  
    
                 Eq. (5.1)  
          Eq. (5.2)  
  
Where, R is the gas constant, T is the absolute temperature, F is the Faradaic constant and C is the 
concentration of the reactant. The obtained values are illustrated in Table 5.2. The calculated value 
of io was 1.45, 2.92 and 0.91 µAcm
-2 for the pyramid, spherical and rod-like nanostructured 
electrodes, respectively. Whereas, the standard rate constant obtained was 2.9, 5.94 and 1.78 *108 
cm-1 for the pyramid, spherical and rod-like nanostructure electrodes, respectively. The values for 
ko was greater for the nanostructured surface than the value obtained for bare Au surface (1.56*10-
8 cm-1). It indicated that the charge transfer was greatly enhanced on the nanostructured surface as 
compared to the bare Au electrode surface.  
5.4.3  Morphology dependent response of nanostructures:  
 In order to compare the current response obtained from three types of nanostructured electrodes, 
two parameters were determined. One was the normalized current response as given by  
         Eq. (5.3)  
Where I was the current obtained after ACEA attachment and Io was current for bare Au electrode 
surface. The second parameter was normalized surface area, which was the ratio of the average 
surface area to average number density of nanostructures for each electrode. The normalized 
current response (ΔI) was plotted as a function of normalized surface area and is shown in Figure 
5.5.   
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Figure 5.5: Variation of normalized current with normalized surface area for the pyramid, spherical 
and rod-like nanostructures.  
 It can be seen that the highest response was obtained for spherical nanostructured electrodes. 
Whereas, the current response decreased with the further increase in normalized surface area. In 
comparison to the spherical nanostructured electrode, the normalized current response decreased 
by 20% and 75% for pyramid and rod-like nanostructured electrodes, respectively. These results 
obtained were quite consistent with CV measurements that best response was obtained for 
spherical nanostructured electrodes.  
  
5.4.4 Analytical performance of immunosensor:  
5.4.4.1 Electrochemical response:  
The electrochemical activity of each electrode was monitored by CV measurements after 
every step of preparation of immunosensor as shown in Figure 5.6 (a-c). The first row represents 
the CV measurements of the bare Au surface; whereas, the second row shows measurements after 
modification of each electrode with different kinds of nanostructures. Third was after attachment 
of self assembled monolayer (SAM) and the last row was obtained after the immobilization of 
aCEA for (a) pyramid, (b) spherical and, (c) rod-like nanostructures, respectively. During cyclic 
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voltammetric scanning, analytes carried out certain electron communication with the electrode 
under various potentials and the currents was proportional to the concentration of the analytes.  
The average current value obtained for bare Au surface was 8.69 µA. After modification 
with three types of nanostructures, the peak current value increases to 11.5 µA. This showed that 
the current enhanced 1.3 times after deposition of nanostructures. With further modification of 
SAM and aCEA, the current value decreased to 9.4 and 8.5 µA. The decrease in the current was 
due to the fact that the attachment of SAM and aCEA was good enough to inhibit the transfer of 
electrons to the electrode surface, which decreased the conductivity at the electrode surface.  
Similarly, the peak to peak potential separation was also evaluated and the value turned out 
to be 90 mV for the bare Au electrode surface. Whereas, the potential separation decreased to 58.3, 
61.6, and 59.1 mV for the pyramid, spherical and rod-like nanostructured electrodes, respectively. 
This showed that the larger surface area provided by the deposition of nanostructures increased the 
charge transfer rate at the electrode surface, which in turn increased the reversibility of ferricyanide 
redox couple. However, with modification of each electrode with aCEA, the potential separation 
increased to 62.7, 70.7 and 75.3 mV for the pyramid, spherical and rod-like nanostructured 
electrodes, respectively. This showed that aCEA immobilization affected the exchange of charge 
carriers at the electrode surface. This confirmed that the electrode was successfully modified at 
every step of preparation of immunosensor.  
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Figure 5.6: CV measurements at different steps of preparation of immunosensor (i) Bare Au (ii) 
after deposition of nanostructures (iii) development of self assembled monolayer (iv) after 
immobilization of carcinoembryonic antibody for (a) Pyramid, (b) Spherical and (c) Rod-like 
nanostructures, respectively.  
 5.4.4.2  CEA Detection:    
  
After modification of each electrode with aCEA, the performance of immunosensor was 
determined for different concentrations of CEA in the range from 1pg to100 ngml-1. The CV 
measurements were performed at different concentrations of CEA. The peak current obtained is 
plotted as a function of the logarithm of the concentration and is shown in Figure 5.7. It showed 
that the value of current decreased with the increase in concentration. The value of current dropped 
from 9.9 to 4.7 µA, 10.1 to 5 µA, and 8.6 to 5 µA in the concentration range 1 pg to 1000 ngml-1 
for the pyramid, spherical and rod-like nanostructured electrodes, respectively. The three kinds of 
electrodes showed more or less identical behavior. Afterward, the theoretical value of limit of 
detection (LOD), detection limit is estimated in the response (or signal) domain, but is usually 
reported in terms of concentration or amount (mass) was evaluated by using the following relation 
[21]:  
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Figure 5.7: The plot of peak current variation with different concentration of carcinoembryonic 
antigen in the concentration range of 1pg to 1000 ngml-1.  
    
         Eq. (5.4)  
Where S.D was the standard deviation of a blank solution. The sensitivity was evaluated from 
the slope of current concentration graph. The theoretical value of LOD obtained was 0.07,  
0.0039, 0.0036, and 0.0045 ngml-1 for the bare Au, pyramid, spherical and rod-like nanostructured 
electrodes, respectively. Moreover, the performance of the developed CEA immunosensors were 
also compared with other immunosensors used for the detection of CEA with various antiCEA 
modified electrodes shown in Table 5.3. Chen et al. [22] developed electrochemical immunosensor 
for CEA and AFP detection on graphene nanocomposites. The detection limit of the 
immunosensors was 0.1 ngml-1 for CEA and 0.005 ngml-1 for AFP in the serum sample. In a similar 
manner Li et al.  [23] have proposed ultrasensitive electrochemical immunosensor for CEA 
detection. The immunosensor exhibited a wide linear range of 0.001 to  
20 ngml-1 with the limit of detection of 0.2 pgml-1. Similarly, Liu et al. [24] fabricated a new paper 
based on calorimetric immunosensors for CEA. This method was simple with a working range of 
0.005 to 30 ngml-1 and detection limit of 2.6 pgml-1.  
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Table 5.3. The developed immunosensor for CEA detection using gold nanoparticles in literature  
    
 
  
5.4.4.3 Effect of surface area on sensitivity of immunosensor:  
  The sensitivity of three types of nanostructured immunosensors were evaluated by the slope of 
the current versus concentration graph and is shown in Table 5.4. The sensitivity came out to be 
0.210, 0.339, 0.457, and 0.312 µA ng-1 ml for the Au bare, pyramid, spherical and rodlike 
nanostructured electrodes, respectively. This showed that sensitivity enhanced considerably 
because of the deposition of nanostructures as compared to bare Au surface. The sensitivity 
enhanced 1.35 and 1.4 times in electrodes decorated with spherical nanostructures as compared to 
pyramid and rod-like nanostructures. Whereas, Justin et al. [27] used Au nano-composites for CEA 
detection. The synthesized immunosensors showed sensitivity of 1.579 µAng-1ml. The 
comparative data suggested that the current method obviously exhibited high sensitivity, a wider 
Immunosensor     Linear range      D etection limit  Environment     Reference  
Fabrication      ( ngml - 1 )    ( pgml - 1 )      
MWCNTs/Au nanocages/ CEA   0.001 - 20            0.2          -       [23]   
/ AntiCEA   
MWCNTs/ Chi/ AuNPs/BSA/CEA   0.005 - 30            2.6        -       [24]   
ITO/Polydopamine/     0.5 - 40            1.7     Human serum     [25]   
Mesoscopic SiNPs/ anti    
CEA/ BSA/CEA/AuNPs   
ITO/ Graphene oxide/ Thi/ AuNPs   0.01 - 300             0.065     Human serum     [26]   
/anti CEA/ BSA/ CEA   
AuNS/Cystamine/       0.001 - 1000         0.0036      -                 Present  
workAnti CEA/ CEA     
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linear range and a lower detection limit when compared to some immunosensors prepared by 
immobilizing anti CEA. The dependence of sensitivity on normalized surface area was determined 
and is shown in Figure 5.8.   
Table 5.4: Comparison of performance of immunosensor for pyramid, spherical and rod-like 
nanostructures  
  
 
    
 It was seen that the sensitivity had a high value for the surface area with a smaller value and then 
it decreased with the increase in surface area. On the other hand, the surface coverage behaved 
linearly with the normalized surface area with the slope of 68 ± 3 obtained from the linear fit of 
the graph. The spherical nanostructured electrode showed a high value of sensitivity as compared 
to the pyramid and rod-like nanostructured electrodes. It was due to the large surface area of about 
52 µm2 provided by the spherical nanostructures as compared to 46 and 42 µm2 for pyramid and 
rod-like nanostructures. So, it showed that the performance of immunosensor was enhanced with 
the increase in the surface area of nanostructures.  
  
  
Nanostructures    Bare Au     Pyramid        Spherical                 Rod  
  
Sensitivity      0.2107   0.339            0.457    0.312  
  ( µA. ng - 1 . ml)      
Limit of detection     0.07    0.0039           0.0036    0.0045  
( ngml - 1 )  
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Normalized surface area 
  
Figure 5.8: The variation of (a) Sensitivity and (b) Surface coverage as a function of normalized 
surface area.  
5.4.4.4 Association constant:  
 The strength of interaction between antigen and antibody binding site was also examined. It is 
important to estimate this strength as it determines the binding affinity of antibody with antigen. 
For this purpose, the impedance measurements were performed in the same concentration range of 
1pgml-1 to 1000 ngml-1 as shown in Figure 5.9 for the pyramid, spherical and rod-like 
nanostructured electrodes. These bode plots were fitted with an equivalent circuit as shown in the 
inset of Figure 5.9 (a). The attachment of aCEA gave 6.2, 9.01, and 8.04 KΩ for the pyramid, 
spherical, and rod-like nanostructured electrodes, respectively. Further, with the immobilization of 
CEA the resistance changed from 18.02 to 5.3 KΩ, 29.5 to 10.2 and 21.9 to 9.23 KΩ in 
concentration range of 1 pg to 1000 ngml-1 for the pyramid, spherical and rod-like nanostructured 
electrodes, respectively. The obtained resistance was normalized by using the following equation 
[28-29]:  
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 .    
Figure 5.9: Bode plot of different concentration ranges 1 pg to 1000 ngml-1 for (a) Pyramid, (b) 
Spherical (c) Rod-like nanostructures.  
  
Eq (5)  
Where, Rct(i) was the resistance obtained after attachment of CEA and Rct(0) was after 
immobilization of aCEA. The normalized resistance obtained is plotted as a function of 
concentration and is shown in Figure 5.10 (a) and (b). It showed an exponential increase of the 
normalized resistance with an exponent of 0.82. The calibration curve of the normalized resistance 
is shown in Figure 5.10 (b), which showed that the resistance increased with the increase in 
concentration.  
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Figure 5.10: Influence of CEA concentration on (a) Impedance response of the immunosensor (b) 
Calibration curve of normalized resistance as a function of logarithm of concentration for bare Au, 
pyramid, spherical, and rod-like nanostructures, respectively.  
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         This increase in resistance was due to the increase in the hindrance to the flow of charge 
carrier due to the attachment of CEA on the surface. From here, the association constant was 
determined by taking the slope of a linear region in the resistance concentration plot in the range 
from 10 pgml-1 to 100 pgml-1. The mean value of association constant came out to be 0.0783* 109 
M-1. The association constant usually lies within the range of 106 to 109 M-1 [30]. So, the prepared 
immunosensor showed good binding affinity with aCEA and CEA.  
5.4.4.5 Selectivity of immunosensor:  
 Immunosensor sensitivity, another important property, was also examined. For this purpose, the 
spherical nanostructures tethered electrode was dipped in one of the following nonspecific 
analytes; hepatitis B antigen (HBsAg), alfa fetoprotein (αAFP), and prostate specific antigen 
(PSA). The electrode was incubated for 2 hours using 100 ngml-1 concentrations of antigens.   
    
 
  
Figure 5.11: Amperometric response of the immunosensor to 100 ngml-1 aCEA (1), aCEA+CEA  
(2), aCEA+ HBsAg (3), aCEA+AFP (4), aCEA+PSA (5).  
The CV measurements were performed with aCEA and after immobilization of specific  
(CEA) and non-specific (HBsAg, αAFP, PSA) antigens. The values of the current obtained are 
shown in Figure 5.11. It showed that when specific antigens were used the current dropped 
significantly. However, for non-specific antigens attachments, no significant change in the current 
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was observed. It employed that the prepared immunosensor showed a good selectivity towards 
CEA detection.    
5.4.4.6 Stability of immunosensor:  
 The storage stability of immunosensor was an important factor for immunosensor performance. 
The stability of prepared immunosensor was determined by performing the CV measurements. The 
spherical tethered nanostructured electrodes were stored in phosphate buffer solution (PBS, 
pH=7.0) at 4°C for 30 days. The measurements were performed after every three days. The current 
obtained for 30 days is shown in Figure 5.12. It was observed that the current remained constant 
for 25 days and then decreased. The stability results demonstrated that the prepared immunosensor 
has a good long-term stability due to good biocompatibility.   
  
 
  
Figure 5.12: The stability of immunosensor as a function of storage days.  
5.5 Summary:  
 A simple electrochemical immunosensor incorporating three types of Au nanostructures i.e. 
pyramid, spherical and rod-like was fabricated for the detection of carcinoembryonic antigen 
(CEA). A comparative study was performed on three kinds of Au nanostructured electrodes to 
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analyze the performance of immunosensor. The FESEM and AFM were performed to examine the 
surface morphology of these three types of nanostructured electrodes. It showed that the spherical 
nanostructures were smaller in size and exhibit larger surface area in comparison to the pyramid 
and rod-like nanostructures, which increased an effective surface area of the electrodes. The 
electrochemical measurements also showed the dependence on the surface area and number density 
of Au nanostructures on the electrodes. It was observed that the spherical nanostructures have 
smaller aspect ratio but gave enhanced response current and improved sensitivity for CEA 
detection as compared to the pyramid and rod-like nanostructures. The prepared immunosensor 
showed 4 pgml-1 limit of detection (LOD) and the stability of about a month. So, the present work 
showed that the performance of immunosensor i.e. specificity, LOD and stability were greatly 
enhanced by the deposition of Au nanostructures. The specificity of the device is dependent not 
only on the binding property of the antibody but also on the composition of the sample antigen and 
its matrix and reagent composition. So, it is important to check the prepared immunosensor 
performance in real blood samples. The normal levels of CEA in healthy adults are in the range of 
3–5 ngml-1, although in some cases these levels can increase up to 10 ngml1.The current 
immunosensors showed a detection limit of 3.6 pgml-1 with good accuracy, precision, and 
reproducibility towards the detection of CEA in the human serum.  
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Chapter 6  
Label-free sandwiched immunosensor  
 The performance of immunosensor can be improved using different types of supporting matrices 
and a variety of fabrication techniques for the immunosensor synthesis [1]. In recent years, 
extensive work has been reported to improve the sensitivity and limit of detection (LOD) using 
different fabrication techniques [2-7]. This chapter highlights the use of co–polymer brushes in 
enhancing the sensitivity of immunosensor towards the detection of prostate specific antigen [8]. 
The present chapter deals with the preparation of electrochemical sandwich immunosensor for 
prostate cancer (PSA) biomarker detection.  
 6.1.  Polymer brush for immunosensor:  
 The surface property of the substrate is very important as it plays a critical role in the performance 
of immunosensor. There has been a tremendous increase in the use of polymer brushes for last few 
decades as it provides a responsive interface or surface. Polymer brushes with one end tethered to 
the substrate surface and other end in solution is the most common mean of controlling the 
substrate properties. Many of interesting properties of polymer brushes can be observed based on 
their ability to reorganize upon environmental changes. The environmental changes such as change 
in the pH, ionic strength, electrical, optical or electrochemical actuations [9] can bring about 
conformational changes in polymer brushes. Due to these changes the polymer brush has a wide 
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range of applications such as design of solvent responsive materials for biosensors, diagnostics and 
drug delivery platforms [10].  
6.1.1 Types of polymer brushes:  
 There are many different criteria to classify the polymer brushes but based on the constitution 
there are two main types of polymer brushes.  
a. Homopolymer brush:   
This type of polymer brush requires only one type of monomer solution for their synthesis. 
The schematic of homopolymer brushes is shown in Figure 6.1 (a). In a mix homopolymer brushes, 
the chains are made up of two monomers but each chain is made up of a single monomer repeating 
unit is shown in Figure 6.1 (b). For example, Bao et al. have synthesized a mixed homopolymer 
brushes on silica nanoparticles [11]. They synthesized mixed poly(tert-butyl acrylate) 
(PtBA)/polystyrene (PS) brushes from asymmetric difunctional initiator (Y-initiator)-
functionalized silica particles. They systematically investigated the effect of grafting density of 
lateral microsphere separation of mix homopolymer brushes. They observed that decreasing the 
grafting density, the phase separation became weaker, and no microphase separation was observed 
in the sample with overall of 0.122 chain/nm2.  
  
 
Figure 6.1. Schematic representation of homopolymer brushes (a) homopolymer brushes (b) mixed 
homopolymer brushes  
  
( a )  ( b )  
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b. Co–polymer brushes:  
 The co–polymer brushes require two types of monomers for their synthesis. There are different 
types of co–polymer brushes based on the arrangement of monomers along the chain. The different 
types include alternating, periodic, random, and graft co–polymers [12-13] is shown in Figure 6.2 
if the monomers are arranged with the alternating sequence, then these are termed as alternating 
co–polymer brushes is shown in Figure 6.1 (a). In which A is one type of monomer and B is the 
second type arranges in alternate pattern to form alternating co–polymer brush. Whereas, if the 
monomers A and B are arranged in repeating sequence termed as periodic co–polymer brushes 
(A−B−A−B−B−A−A−A−A−B−B−B).   
   
( a )  ( b )  
  
Figure 6.2. Different types of co–polymer brushes (a) alternate co–polymer brush (b) random co–
polymer brush (c) block co–polymer brush (d) graft co–polymer brush.  
Brush type  
    
Monomer A   
      
 Monomer B        Co–polymer  
      brush  
 Applications    Ref  
  
( c )  ( d )  
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However, if the monomers are distributed randomly in the polymer chain is termed as 
random co–polymer brushes shown in Figure 6.2 (b). Instead of mix distribution of monomers, if 
one long sequence (block) is attached with a long sequence (block) of second monomer is called 
block co–polymer is shown in Figure 6.2 (c). One of the special type of co–polymer brushes are 
the graft co–polymer brushes, in this type the main chain is structurally different from the side 
chain is shown in Figure 6.2 (d). The different examples and applications of different types of co–
polymer brushes are illustrated in Table 6.1.  
The advantage of using polymer brushes over other surface modification technique is that, 
the use of polymer brush provides mechanical and chemical strength, coupled with a high degree, 
and provides flexibility towards the introduction of a variety of functional groups on the surface. 
Beside this, the polymer brush modified surface has potential application in smart surfaces, 
wettability, and as bio-compatible surfaces.  
Table 6.1. Examples and applications of different types of co–polymer brushes.  
  
Alternating  poly(methyl    poly(N-isopr-   poly(PMMA-   Drug     [14]  
 
methacrylate)   opylacrylamide)  alt-PNIPAM)   delivery   [14]  
    N-[2-(2-bromo-  4-vinylbenzyl   poly(BIBEMI-      
 isobutyryloxy)ethyl] azide     alt-VBA)  
maleimide  
Random  styrene     methyl     P(S-r-MMA)          Chemical   [15]   
  
Methacrylate              modification  
  
 100   
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Block   styrene     ethylene oxide   P(S-b-PEOs)         detergents   [16]  
    poly(ethylene   poly-(propylene(PEO-b-PPO-b-PEO)       cosmetics      [17]  
 
oxide)     oxide)           
Graft   poly[oligo    glycidyl     (POEGMA-co-GMA)      antibody      [18]  
 
(ethylene  glycol)   
Methacrylate  
methacrylate               detection  
  
  
6.1.2 Synthesis approach for co–polymer brushes:  
 There are two main methods for synthesis of co–polymer brushes, (a) grafting to: in this technique 
the reaction takes place between the reactive groups of polymer with functional group on the 
substrate as shown in Figure 6.3 (a). This technique is experimentally simple, but the main 
disadvantage of this technique is that due to stereo chemical hindrance, the polymer brush density 
is not high in this technique.  (b) Grafting from: in this technique initiator (I) is attached on the 
surface and polymerization reaction take place in the presence of monomer solution is shown in 
Figure 6.3 (b) [19]. This technique involves the multi step of synthesis. However, high grafting 
density and control over film thickness is obtained by this method. In the present work 
poly[oligo(ethylene glycol) methacrylate-co-glycidyl methacrylate] (POEGMA–co-GMA) was 
synthesized using grafting from technique.  
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Figure 6.3.  Synthesis of co–polymer brushes (a) grafting to (b) grafting from approaches [19]  
6.2. Experimental:  
  The Au electrodes were cleaned with alumina powder having average particle size of 0.3 
and 0.05 µm followed by thorough rinsing and sonication in de-ionized (DI) water. The spherical 
Au nanostructures were electrodeposited on the Au electrode from the aqueous solution of 0.1 M 
Perchloric acid (HClO4) containing 40 mM Hydrogen tetrachloroaurate (III) (HAuCl4) trihydrate 
at – 0.2 V versus Ag/AgCl for 2 minutes [20-21].  
 For co–polymer growth, the electrodes were incubated in cysteamine ethanol solution for 24 hours 
to form a compact monolayer. Then the electrodes were washed with ethanol and dried with the 
stream of nitrogen. The electrodes were then incubated in ice cold tetrahydrofuran  
(THF, 10ml) solution containing mixture of initiator α-bromoisobutyryl bromide (BIB, 98 %, 64 
µl) and triethylamine (TEA, 99.5 %, 77 µl) for 2 hours following by washing with THF solution. 
The initiator modified electrodes were then used for the synthesis of co–polymer brush by 
immersing them in deoxygenized methanol/H2O (1:1) solution which contain oligo (ethylene 
glycol) (OEGMA, 97 %, 150µl) with copper bromide (CuBr, 99.999 %, 120 mg) and 2, 2– 
Bipyridine (BiPY ≥ 99 %, 150 mg) [22]. The copolymerization processes continued for 6 hours in 
an inert atmosphere at room temperature. Next, the electrodes were extensively washed with 
ethanol and DI water and dried with nitrogen. After the synthesis of poly[oligo(ethylene glycol) 
  
  
120  
  
methacrylate-co-glycidyl methacrylate] OEGMA–co–GMA polymer brush, the primary antibody 
(aPSA 1 µgml-1) was immobilized. The electrode surface was completely covered by the drop of 
aPSA for 12 hours. The electrodes were then washed with phosphate buffer solution (PBS). In the 
next step, different concentrations of PSA (5 pg to 1000 ngml-1) were used to form 
antibody/antigen complexes as shown in the Scheme 6.1. Finally, the silica nanoparticles 
conjugated with secondary antibody were used to form the sandwiched immunosensor.  
  
6.2.1 Silica nanoparticles preparation:  
  
 The silica nanoparticles were prepared by sol-gel reaction of tetra ethyle orthosilicate (TEOS). 
For the preparation, the mixture of TEOS (1.5 mL), ammonia (3 mL), DI water (1 mL) and ethanol 
(50 mL) was stirred at 40 °C for 3 hours. Further, TEOS (1 mL) was added in the mixture and the 
reaction was carried out for another 3 hours. The DI water was used continuously to dilute the 
mixture. Then the ethanol was removed from the mixture by rotary evaporator [23-24]. Following 
this method silica nanoparticle with an average size of 125 nm was obtained.  
  
  
6.2.2 Modification of silica nanoparticles:  
Silica nanoparticles were modified with secondary antibody firstly; the silica nanoparticles 
(2 mg) dispersed in 1 ml phosphate buffer solution was modified with 3– glycidyloxypropyl 
trimethoxysilane (GPTMS, 5 %). The incubation of silica nanoparticles in GPTMS solution was 
carried out for 12 hours at room temperature with gentle shaking. Next, the silica nanoparticles 
were purified by centrifugation. After this, the polyclonal antibody (secondary antibody, 100 µgml-
1) was added and incubated for 12 hours at room temperature with gentle shaking. After washing 
and centrifugation, the silica nanoparticles modified with secondary antibody were dispersed in 
phosphate buffer solution and stored at 4 °C.   
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Scheme 6.1. The different steps followed for preparation of sandwich immunosensor. Firstly, the 
synthesis of co–polymer brushes, then PSA antibody attachment, antigen immobilization, lastly, 
the attachment of silica nanoparticles conjugated with the secondary antibody.  
  
6.3.  Different conditions for immunosensor preparation:  
The different conditions used for the preparation of immunosensor were optimized. These 
conditions were followed throughout for preparation of immunosensor and are illustrated below.  
6.3.1 Brush thickness:  
Different concentrations of OEGMA and GMA were used to optimize the density of co– 
polymer brushes.  The cyclic voltammetry measurements were performed in 2 mMRu(NH3)6 
mixed in 0.1 M KCl solution to analyze the growth of co–polymer brushes for different 
concentration of OEGMA and GMA. The peak current obtained for different concentrations of 
OEGMA and GMA is shown in Figure 6.4 (a) and (b). Figure 6.4 (a) represents the fixed 
concentration of GMA (0.5 v/v%) while OEGMA concentration was varied from 5 to 15 v/v%.  
The co–polymer brush was synthesized by following the procedure illustrated in Scheme 6.1.   
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Figure 6.4. Variation of peak current for different concentration of (a) OEGMA (5 to 15 v/v%) 
and fixed concentration of GMA (0.5 v/v%) and (b) GMA (0.25 to 0.75 v/v%) and a fixed 
concentration of OEGMA (10 v/v%).  
The decrease in current from 87.4 to 69.9 was observed with the increased concentration 
of OEGMA from 5 to 15 v/v%, which showed the increased density of co–polymer brushes as 
well as indicated a gradual transition from the collapsed to more stretch chain formation of co– 
polymer brush. Similar behavior was observed in Figure 6.4 (b), in which the OEGMA 
concentration was fixed at 10 v/v% and GMA concentration was varied from 0.25 to 0.75 v/v%, 
and it showed an exponential decrease in the measured current. So, the increased concentration of 
OEGMA and GMA increased the density of co–polymer brushes, which provided the abundant 
binding sites for the aPSA attachment. Thus, OEGMA (10 v/v%) and GMA (0.5 v/v%) were 
selected for the growth of co–polymer brushes.   
 The morphology of the surface before and after the growth of co–polymer brush was also studied 
using the atomic force microscopy (AFM) in the non contact mode as shown in Figure 6.5 (a) 
and (b). The Figure 6.5 (a) showed the formation of self assembled monolayer (SAM) with a 
height variation of 3 nm. Whereas, after the growth of co–polymer brushes some bundles 
appeared in AFM image, which were due to the agglomeration of co–polymer brush during the 
drying process. However, the height variation increased from 3 to 17 nm after the growth of co– 
polymer brushes, confirming the successful synthesis of co–polymer brushes.  
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Figure 6.5. Surface morphology of (a) After the development of self assembled monolayer (b) 
After growth of OEGMA–co–GMA polymer brushes.  
6.3.2 Concentration of PSA antibody:  
The CV measurements were performed to optimize the concentration of PSA antibody 
(aPSA). For this purpose, different concentrations of aPSA in the range of 450 to 1500 ngml-1 were 
used. The current response obtained is shown in Figure 6.6. The current response was divided into 
three regions I, II, and III; from 400 to 1000, 1000 to 1300 and 1300 to 1600 ngml-1, respectively. 
The regions were defined according to the variation of current with aPSA concentration. These 
three regions were fitted linearly to evaluate the slope of independent regions. The slope of each 
region came out to be 0.004, 0.012 and 0.002 µAng-1ml for a region I, region II and region III, 
respectively. It showed that the region II had the highest value of slope among other two regions. 
The region II also showed sharp variation in current. So, the sandwich immunosensor showed the 
sensitive response in the concentration range of 1000–1300 ngml-1.  
Therefore, 1000 ngml-1 aPSA was optimally chosen for further experiments.  
  
( a )  ( b )  
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Figure 6.6. The obtained value of peak current for CV measurements for different concentration 
of aPSA in the concentration range of 450 to 1500 ngml-1.  
6.3.3 pH of solution:  
The performance of immunosensor is also affected by the pH of a solution. Therefore, 
different pH values in the range of 5 to 8 were used to examine the performance of immunosensor 
and the concentration of PSA used was 1000 ngml-1. The results of CV measurements has been 
obtained are shown in Figure 6.7. The current response increased with the increasing pH, reaching 
to a maximum value and then gradually declined. The change in current was due to the fact that 
the bioactivities of the immunoprotein did not maintain for a long time at unsuitable pH, which 
caused the protein denaturing. The maximum current was obtained at pH = 7. So, this value of pH 
was optimally selected for subsequent experiments.  
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E/V (vs. Ag/AgCl) 
  
Figure 6.7. The cyclic voltammetric behavior of PSA modified electrode in Ru(NH3)6 with 0.1M 
KCl with different pH of solution.  
  
6.3.4 Effect of AuNS on polymer brush growth:  
The growth of co–polymer brushes was studied on plane and AuNS surface. The AuNS 
was electrochemically deposited on plane Au surface. The surface of AuNS was analyzed by field 
emission scanning electron microscopy (FESEM) as shown in Figure 6.8. It showed the Au 
nanostructures were uniformly distributed on the surface. However, there was spacing between 
the AuNS, which suggested that whole surface was not covered with AuNS, beside this and high 
density of AuNS were obtained .The diameter of AuNS came out to be 14 ± 1 nm with a surface 
area of 45 nm2. The AuNS Au electrode showed 3.7 times enhanced surface area as compared to 
plane Au electrode surface. This is very important for the growth of co–polymer brushes as the 
larger amount of co–polymer brushes could be synthesized on the surface.  
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Figure 6.8. The field emission scanning electron microscopy (FESEM) of Au nanostructures 
deposited on Au surface.  
The electrochemical impedance spectroscopy was employed to evaluate the surface 
coverage of co–polymer brushes grown on the plane and AuNS decorated electrodes surface. 
Figure 6.9 (a) and (b) shows the Nyquist plot obtained for plane Au electrode and electrode 
modified with AuNS in a solution of 2 mMRu(NH3)6 mixed in 0.1 M KCl solution. The charge 
transfer resistance was evaluated by fitting the Nyquist plot to the equivalent circuit as shown in 
the inset of Figure 6.9 (a). The charge transfer resistance of the SAM (Rct
SAM) was 95.5 and 101.3 
Ω; whereas, charge transfer resistance after growth of co–polymer brushes (RctPB) was 613 and 
900 Ω on the plane Au and AuNSs electrode surfaces, respectively. Therefore the charge transfer 
resistance of co–polymer brushes attached to the AuNS electrodes enhanced 1.5 times compared 
to the plane Au electrode surface; showing a significant change in resistance. This increase in 
resistance for AuNS electrode surface was attributed to the fact that the higher surface area was 
provided by the nanostructures, which gave a large surface to the growth of co– polymer brushes 
which inhibits the electrons to move towards the electrode surface which resulted an increased in 
diameter of semicircle. The surface coverage of co–polymer brushes on the plane and AuNS 
electrode surfaces was evaluated by the following Eq (6.1) given below [25]:  
        Eq (6.1)  
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Figure 6.9.  The Nyquist plot obtained on (a) plane (b) Au nanostructures surface in mMRu(NH3)6 
mixed in 0.1 M KCl solution. The inset shows the schematics of equivalent circuit consists of Rs, 
resistance of the electrolyte solution; Rct, electron-transfer resistance; Rb, Resistance of polymer 
brushes; Cb, polymer brush capacitance; Cdl, Double layer capacitance; W, the Warburg 
impedance.  
  
Where Rct
SAM is the charge transfer resistance of cysteamine (SAM), and Rct
PB is the charge 
transfer resistance obtained after growth of co–polymer brushes on the plane and AuNS surface. 
The surface coverage for a plane and AuNS electrode surface was 83% and 89%, respectively. 
The AuNS electrode surface showed the high surface coverage due to the high surface area 
provided by the AuNS for the growth of co–polymer brushes.  
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6.4.  Results and Discussions:  
6.4.1. Characterization of conjugated SiNPs:  
 The size and morphology of bare and secondary antibody modified silica nanoparticles (SiNPs) 
were analyzed by field emission scanning electron microscopy (FESEM) as shown in Figure 6.10 
(a) and (b), respectively.  
  
(a)   (b)  
Figure 6.10. Field emission scanning electron microscopy images of (a) bare Silica NPs (b) Silica 
nanoparticles after conjugation of secondary antibody.  
Figure 6.10 (a) shows the surface morphology of bare SiNPs, which have a smooth surface 
and were uniformly dispersed. The bare SiNPs exhibited the diameter of about 125 ± 5 nm. 
Whereas, on modification of SiNPs with GPTMS and secondary antibody the surface became 
rough and a small change in the size was also observed as shown in Figure 6.10 (b). This roughness 
on surface of SiNPs showed that it has been modified with polyclonal (secondary antibody) 
through GPTMS.  
Further to confirm the attachment of the secondary antibody to the SiNPs surface, the 
differential pulse voltammetry (DPV) measurements were performed in 2 mMRu(NH3)6 mixed in 
0.1 M KCl solution. For this purpose, the co–polymer/aPSA (1000 ngml-1) modified electrode was 
dipped in PSA (100 ngml-1) solution containing bare SiNPs and SiNPs conjugated with secondary 
antibody shown in Figure 6.11. It can be seen that no change in the peak current was observed 
when bare SiNPs were used is shown in Figure 6.12.  
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E/V (vs. Ag/AgCl) 
Figure 6.11.  Differential pulse voltammetry of bare SiNps (black line) and SiNPs conjugated with 
the polyclonal (secondary) antibody.  
  
 
  
Figure 6.12. Peak current response obtained for electrodes modified with co–polymer 
brush+prostate specific antigen, co–polymer+prostate specific antigen in bare SiNPs solution and 
co–polymer+prostate specific antigen in SiNPs conjugated with secondary antibody.  
Whereas, the value of the peak current decreased from 58 to 50 µA, when SiNPs modified 
with the secondary antibody were used.  The decrease in the peak current from 58 to 50 µA showed 
that when the co–polymer brush modified electrode was dipped in the solution of SiNPs+Ab, the 
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polyclonal antibody formed antibody–antigen complex which resulted in a decrease in the current 
as plotted in Figure 6.12. Whereas, when the simple SiNPs solution was used, no such complex 
formation occurred and hence no change in the current response was observed. Thus, the 
attachment of SiNPs modified with the secondary antibody, inhibited the electrochemical response 
and also confirmed the modification of SiNPs with the secondary antibody.  
In the next step, the zeta potential measurements were performed for the confirmation of 
attachment of secondary antibody with SiNPs and are shown in Figure 6.13. The bare SiNPs 
showed the zeta potential of -26 mV in DI water; the negative charge appeared because of the 
presence of hydroxyl group on the SiNPs [26-27]. With further modification of SiNPs with 
glycidyloxypropyl trimethoxysilane the potential shift to + 11 mV, which showed that the SiNPs 
were occupied by the epoxy group present in glycidyloxypropyl trimethoxysilane [28] followed 
by a potential shift to – 33 mV, when secondary antibody was immobilized on the surface. This 
confirmed that the epoxy group GPTMS was occupied by the secondary antibody.  
  
20 
131  
  
10 
0 
10   -
-20 
-30 
 Bare SiNPs
 SiNPs+GPTMS SiNPs+GPTMS+Ab 
  
Figure 6.13. Zeta potential measurements of (a) bare 
SiNPs, (b) SiNPs modified with GPTMS, and (c) 
SiNPs conjugated with the secondary antibody.  
6.4.2. Electrochemical measurements of prepared electrode:  
 In order to confirm the step-wise changes for electrode modification, the cyclic voltammetry (CV) 
measurements were performed. The Figure 6.14 shows the CV measurements obtained for the 
AuNS electrode surface (black curve), after modification with the OEGMA–co– GMA polymer 
brush (red curve), the immobilization of aPSA and PSA (blue, green curve) and lastly the 
attachment of SiNPs+secondary antibody (purple curve) in 2mM ruthenium heaxamine mixed in 
solution of 0.1 M KCl. It showed that the modification at different steps of preparation affected 
the voltammetric behavior of the redox probe. The maximum peak current (ip) obtained for AuNS 
electrode surface was 93.4 µA with the potential separation of 64.9 mV. The modification of the 
electrode with the polymer brush resulted in a decrease in the peak current from 93.4 to 75.4 µA. 
Whereas, the increase in potential separation from 64.9 to 76.1 mV was observed upon 
modification with the co-polymer brush. The further modification with PSA and SiNPs+secondary 
antibody attachment decreased the current value to 64.6 and 56.5 µA. This resulted in a 28% 
  
  
(c) 
  (b)   
( a) 
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increase in the potential separation from 79.6 to 101 mV after attachment of SiNPs+secondary 
antibody at the electrode surface. This appreciable increase in the potential separation and decrease 
in the current suggested that the electrodes were successfully modified at every step of preparation.   
The diffusion coefficient of redox-active reagentswas determined at different steps of 
preparationfrom the CV measurements using the Randle-Sevick expression given by [29]:  
  
 𝑖𝑝 = (2.69 × 105)𝑛3⁄2 𝐴 𝐷1⁄2 𝐶 ʋ1⁄2    Eq (6.2)  
  
In which ip, n, A, D, C and ʋ are the peak current, number of electron involved in the reaction as 
its is reversible process so according to Randle theory it was taken as 1, electrochemically active 
surface area, diffusion coefficient, concentration of reactant species in bulk solution and the scan 
rate of potential perturbation, respectively.  
  
 
  
Figure 6.14. Cyclic voltammetry response of prepared electrode at different step of preparation 
first, electrodeposition of spherical nanostructures, second, after growth of co–polymer brush, 
third, after immobilization of PSA antibody, fourthly, PSA antigen, lastly, attachment of 
SiNPs+secondary antibody on the electrode.  
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 The diffusion coefficients obtained at different steps of the preparation is shown in Table 6.2.  The 
diffusion coefficient (D) provided insight information about the molecular transport at different 
steps of preparation of immunosensor. The value of diffusion coefficient was found between 1-3 
× 10-12 cm2/sec. The AuNS electrode had the value of diffusion coefficient of 2.93×10-12 cm2/sec, 
whereas, for the co-polymer brush it decreased to 1.90×10-12 cm2/sec. However, the value of 
diffusion coefficient decreased slightly with the attachment of SiNPs conjugated with the 
secondary antibody. It showed that the co-polymer brush structure was compact enough to inhibit 
the similar extent to mass transport of redox species through copolymer brushes to the electrodes. 
This indicated that the OEGMA–co–GMA polymer brush created a barrier layer to the molecular 
transport in agreement with the results obtained by the CV measurements.  
The electrochemical impedance spectroscopy along with CV measurements provides 
intuitive information for electron transfer rate at the modified electrodes. The simplest way to 
measure the charge transfer reaction was the electrochemical impedance measurements [30]. The 
Nyquist plot between the real and imaginary parts of the impedance is shown in Figure 6.15 (i). 
The data is represented in terms of bode plot as shown in Figure 6.15 (ii). In Figure 6.15 the top 
most graph shows the impedance plot obtained for (a) AuNS electrode, middle (b), after growth 
of co-polymer brush, last (c), after attachment of PSA+SiNPs conjugated with secondary antibody 
in Ru(NH3)6 mixed in 0.1 M KCl solution. The Nyquist plot consist of two parts, the semicircle at 
high frequency represented the electron transfer process of the redox probe. Whereas, the straight 
line at low frequency represented the diffusion limited electrochemical processes. It can be seen 
that, for a SiNPs electrode (Figure 6.15 (c)), the experimental point measured at 3.2 K Ω exceeded 
the semicircle maximum. Whereas for, AuNS electrode (Figure 6.15 (a)), the semicircle was 
complete in the high frequency range. It indicated that the charge transfer process was slow for 
electrode modified with SiNPs (Figure 6.15 (c)) in a given range of frequency for which the 
corresponding semicircle in the Nyquist plot was detected.  
Table 6.2. The parameters solution resistance (Rs), double layer capacitance (Cd), charge transfer 
resistance (Rct), polymer brush resistance (Rb), polymer brush capacitance (Cb), and warburg 
impedance (W) obtained by fitting the data with equivalent circuit. The diffusion coefficient (D) 
was obtained by Randle-Sevick expression given by eq (1).  
      Rs        Cd    Rct  Rb    Cb     W*10-3           D*10-12  
      (Ω)      (µF)     (Ω)         (Ω)             (µF)      (Ω)           (cm2/sec)  
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Nanostructured    
134      4.71         75.2  20.6    1.02      2.4   2.93  
electrode  
Polymer brush   
143    3.12         895.6 1212.8   1.20      1.7   1.90  
PSA+SiNPs    152    1.88         1156.2 1187.3   1.13       1.6   1.07  
 
The impedance plots is shown in Figure 6.15 (a, b, c) were then fitted in z-view software 
using an equivalent circuit (Figure 6.15 (d, e, f)), respectively It consisted of electrolyte resistance 
(Rs), double layer capacitor (Cd), polymer brush resistance (Rb), and Warburg resistance (W). The 
different parameters along with diffusion coefficient obtained at different steps of preparation are 
shown in Table 6.2.   
The decrease in value of double layer capacitance (from 4.71 to 1.88 µF) was observed 
with the increase in blocking of the surface with co-polymer brush growth and attachment of 
PSA+SiNPs conjugated with the secondary antibody. Whereas, the value of charge transfer 
resistance was 75.2 Ω for electrode modified with AuNS and 1156 Ω for AuNS/polymer 
brush/PSA+SiNPs electrode conjugated with the secondary antibody.   
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 (i)      (ii)         (iii)  
Figure 6.15. Impedance spectra recoded for preparation of immunosensor (i) Nyquist plot (ii) bode 
plot (iii) equivalent circuit for (a) AuNs, (b) after growth of polymer brush lastly, (c) attachment 
of PSA+Silica nanoparticles conjugated with secondary antibody.  
It showed that the electron transfer process was fast at electrode modified with AuNS 
electrode as compared to electrode modified with co-polymer brush and SiNPs conjugated with 
the secondary antibody modified electrode. These observations were in good agreement with the 
cyclic voltammetric (CV) measurements.  
6.4.3. Analytical performance of immunosensor:  
  6.4.3.1  Electrochemical impedance study:  
The electrochemical measurements were performed to determine the dynamic range of 
plane Au and AuNS co-polymer brush modified immunosensor. The Nyquist plot obtained is 
shown in Figure 6.16 in the concentration ranged from 5 pg to 1000 ngml-1.  
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Figure 6.16. Nyquist plot of electrochemical impedance spectra for different concentration of PSA 
ranges from 0.005 to 1000 ngml-1 in 2 mMRu(NH3)6 mixed in 0.1 M KCl solution.  
 The semicircular part of the Nyquist plot increased with the concentration of PSA, which showed 
an increase in the charge transfer resistance (Rct). It can be seen that in Nyquist plot at f = 36.1 Hz 
for 5 pgml-1 concentration of PSA, this point approximately exceeded the semicircular part. 
Whereas, at the same frequency, but for 0.1 ngml-1 concentration it reached to a point from where 
semicircular part of the Nyquist plot started, while for 1000 ngml-1 it reached to the maximum 
point of the semicircle. It indicated that the charge transfer rate was faster at low concentrations 
of PSA as compared to high concentration. However, with the increase in the diameter of the 
semicircle, the slope of low frequency region was changed from 0.92 to 0.35 as the Rct increased 
from 1156.2 to 7351.4, respectively. It showed the effect on diffusion processes with the increase 
in concentration as shown in Table 6.3.   
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Table 6.3. The charge transfer resistance, slop and diffusion co-efficient for the Nyquist plot shown 
in Figure 6.13 for different concentration of PSA ranged from 5 pgml-1 to 1000 ngml-1.  
  
Concentration    
 Rct    
  slop    D*10-12     
ơ*10-3  
    (ngml-1)     (Ω)          (cm2sec-1)    cmsec-1  
0.005       1156      0.92    2.49      1.7913  
0.01      1699.8     0.89    1.87      1.3357  
0.03      
0.06      
2195.1   
2616.3   
  
  
0.79  
0.75  
  
  
1.41    
1.30    
  
  
1.0143  
0.9285  
0.1      3269.9     0.73    1.25      0.8992  
1      4251.4     0.48    1.19      0.0850  
10      5624.5     0.42    1.13      0.8129  
100      6200.1     0.40    1.10      0.7214  
1000      7351.4     0.36`    0.07      0.0503  
  
 It can be seen that with an increase in concentration from 5 pg to 1000 ngml-1 the charge transfer 
resistance increased from 1156 to 7357 Ω due to increased attachment of PSA on the copolymer 
brushes. The increase in the attachment was large enough to inhibit the transfer of electrons to the 
electrode surface. It can be seen that it also affected the diffusion processes at the electrode surface 
as shown in Table 6.3. However, the slope of low frequency region decreased with the increase in 
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concentration of PSA. The slope had a value of 0.92 for 0.005 ngml-1, the value of slope varied 
between 0.786 and 0.414 in the concentration range between 0.01 and 10 ngml-1. It showed that in 
this region, the rate of charge transfer was slow, so, the Nyquist plot had high frequency 
semicircular part and a straight line. With the further increase in the concentration from 100 to 
1000 ngml-1, the slope decreased from 0.403 to 0.358. This determines the reaction rate, showed 
high semicircle and a small value of slope and diffusion coefficient at low concentrations of PSA. 
The mass transfer co-efficient ((ơ), it is a diffusion rate constant that relates the mass transfer rate, 
and concentration change as driving force)was determined, which was related to the contribution 
of the oxidation and reduction. The ơ was determined using the expression [31] ơ = 𝐷⁄𝛿 , Where, 
D is the diffusion coefficient and δ is the thickness of the diffusion layer. The value of ơ obtained 
is shown in Table 6.3. It showed that with the increase in concentration of PSA, the mass transfer 
rate of the redox probe gradually decreased from 1.7913 to 0.0503 × 10-3 cmsec-1. This was in 
agreement with the impedance measurements that the value of resistance increased and then 
gradually inhibited the mass transfer to the redox probe with the increase in concentration of PSA.  
6.4.3.2  Dynamic range:  
 The charge transfer resistance obtained from Nyquist plot was normalized to determine the 
dynamic range for plane Au and AuNS electrodes. The obtained resistance was normalized using 
the Eq. 6.3 [32]:  
         Eq (6.3)  
Where, R1 is the resistance after the immobilization of antibody and R2 is the resistance obtained 
after the attachment of the antigen bonded with the antibody. Figure 6.17 (a) shows the normalized 
resistance (RN) as a function of PSA concentration; showing an exponential increase with an 
exponent of 0.83. The calibration curve of the RN as a function of the logarithm of PSA 
concentration is shown in Figure 6.17 (b); where RN showed a linear relationship with the 
logarithm of PSA concentration. This employed that the high concentration of PSA attached on 
co-polymer brushes generated a dense blocking layer, which reduced the electron transfer of the 
redox probe.  
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Figure 6.17. The calibration curve between normalized resistance and logarithm of concentration 
obtained from nyquist plot in 2mMRu(NH3)6 mixed in 0.1MKCl solution. The curve was obtained 
in the PSA concentration of 0.005 to 1000 ngml-1.  
The dynamic range was also determined for the plane Au and AuNS electrodes from Figure 
6.17 (b). For plane Au electrode surface, the resistance increase was observed from 30 pg to 1000 
ngml-1, below 30 pg ml-1 there was no significant change was observed. However, in case of AuNS 
electrode prominent change in resistance was observed in concentration range from 5 pg to 1000 
ngml-1. The, Bhaskara et al. [33] has developed an electrochemical portable system to detect the 
protein biomarkers. They developed a sensor using Au nanoparticles and the in vitro detecting 
limit was in the range from nanograms to femtograms. Similarly, Abhinav et al. [34] used carbon 
nanotubes (CNTs) for the detection of prostate cancer. They observed a linear range from 1 pgml-
1 to 1 µgml-1 in human serum for different CNTs of length 2, 5, and 10 µm. This showed that the 
prepared nanostructured immunosensors had a wide dynamic range and sensitive response even at 
low concentrations. So, the prepared immunosensor also showed wide dynamic range for PSA 
detection. Similarly, the slope evaluated from linear fit of the curve was  
0.38 and 1.21/ ngml-1 for plane Au and AuNS electrodes, respectively. It showed that the AuNS 
electrode showed improved dynamic range and more sensitive response even for lower 
concentration of PSA.  
Table 6.4. The different parameters such as dynamic range, limit of detection, and sensitivity were 
determined to examine the detection performance of plane Au and AuNS immunosensor.  
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Electrode   Dynamic range    LOD                 R2    Sensitivity  
    pg ml-1-ng ml-1     pg ml-1         µA ng-1ml  
Plane Au  30-1000        10      0.9820        2.3  
AuNS   5-1000           2.3      0.9911        4.9  
  
6.4.3.3  Detection performance of the immunosensor:  
The differential pulse voltammetry (DPV) measurements were performed to determine the 
detection performance such as the limit of detection (LOD) and the sensitivity of immunosensor. 
The DPV measurements were performed for PSA concentration ranges from 5 pg to 1000 ngml-1 
in 2 mMRu(NH3)6 mixed in 0.1 M KCl solution. The current response obtained for 5 pg to 1000 
ngml-1 is shown in Figure 6.18 (a) and (b).It can be seen that as the PSA concentration increased 
the peak current response decreased due to the formation of aPSAPSA complexes, which acted as 
a resistive layer and reduced the value of current. The current response shown in Figure 6.18 (b) 
was fitted with the linear equation given by Eq. 6.4 [35]:  
  
𝐼(𝜇𝐴) = 4.933 log(𝑐) 𝑛𝑔𝑚𝑙−1 + 68.511                  Eq (6.4)  
  
Here, I is the current and C is the concentration of PSA. The correlation coefficient was 
evaluated and it was 0.991 for the AuNS electrode. The other parameters obtained are shown in 
Table 6.3.  
  
      
141  
  
 
  
Figure 6.18. Differential pulse voltammetry of (a) different concentration of PSA antigens ranges 
from 5 pg to 1000 ngml-1 (b) The calibration curve of peak current for plane Au ( red line) and 
AuNS (black line) for different concentration of PSA in 2 mMRu(NH3)6 mixed in 0.1 M KCl 
solution.  
The sensitivity was determined by the slope of current versus the concentration graph and was 2.3 
and 4.9 µAng-1ml for the plane Au and AuNS electrodes, respectively. Abishek et al. [36] reported 
the sensitivity of PSA detection (1.4 µAM-1), which was better than the ELISA technique.This 
showed that the prepared electrode also showed good sensitivity towards detection of PSA.  
Further, the theoretical value of the limit of detection (LOD) was determined using (3 × S.D / 
Sensitivity), in which S.D is the standard deviation of the blank solution. The values obtained are 
shown in Table 6.4. The value of LOD was 10 and 2.3 pgml-1 for the plane Au and AuNS 
electrodes, respectively. The results showed that appreciable improvement in the detection 
performance was observed by the use of AuNS on the electrode surface. This was attributed to the 
Au nanostructures, which provided higher surface area for the growth of co-polymer brushes and 
increased the loading capacity of the antigen on the immunosensor surface and hence improved 
the detection performance of immunosensor. In comparison to the literature, Haun and his 
coworkers [37] prepared label free electrochemical immunosensors using mesoscopic silica 
nanoparticles (MSNs), which increased the fixation capacity of antibodies. The immunosensors 
developed for PSA detection allowed the detection of PSA in the range from 0.05 ng.ml-1 to 50 
ng.ml-1 with LOD of 15 pg.ml-1 in human serum. Similarly, Kosaka et al. [38] developed hybrid 
mechanical and optoplasmic sensors for PSA detection with a detection limit of 1 × 10-16 gml-1 in 
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serum. So in present work the use of nanostructure for immunosensor provide a good value of 
limit of detection.  
Table 6.5. The developed immunosensor for PSA detection in literature  
    
 
  
  6.4.3.4  Selectivity of the immunosensor:  
  
The selectivity of the immunosensor was determined from synthesizing a number of 
identical electrodes AuNS-P(OEGMA–co–GMA)– PSA antibody. Then each co-polymer brush 
modified electrodes were incubated in 100 ngml-1different types of antigen solutions, which 
included prostate-specific antigen (PSA), carcinoembryonic antigen (CEA), aflatoxin M1  
(AFM1), immunoglobulin G antigen (IgG) and alpha fetoprotein antigen (AFP). After the 
attachment of antigens, each electrode was incubated in SiNPs+secondary antibody solution. DPV 
measurements were performed to obtain the current response of each electrode. The change in 
Immunosensor   Linear range  Detection limit   Sensitivity  Environment     Reference  
Fabrication           ( pgml - 1 )      
PSA detection using   1 pg - 1 µgml - 1       0.3       -   human serum     [34]     
  SWCNTS     
AuNps/Polyaniline   1 pg - 100 ngml - 1       0.6     1.4 µAM - 1     -     [36]   
Nanowires/antiPSA/PSA   
Au/SiNPs/AgNPs/    0.05 - 50 ngml - 1       15       -   human serum     [37]   
AntiPSA/PSA   
Sandwich immunoassay        -        fgml 1 - 1       -   human serum     [38]   
AuNS/polymer brush/     5 pg - ngml 1000 - 1       2.3          2 µAM - 1     -      Present Work   
Anti PSA/SiNPs/PSA   
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current response, i.e., ∆I (=I2-I1) was obtained, in which I2 was the peak current of PSA antibody 
and I1 is the peak current after attachment of other antigens. Figure 6.19 shows the obtained current 
for different antigens. It can be seen that no appreciable difference in current response was 
observed for CEA, AFM1, IgG and AFP. However, with immobilization of PSA a significant 
change in current was observed. This showed that immobilization of PSA resulted in aaPSA-PSA 
complex, which showed the specificity of the immunosensor was appreciably better.  
  
 
  
Figure 6.19. Selectivity of polymer brush modified immunosensor using different types of antigen 
such as prostate-specific antigen (PSA), carcinoembryonic antigen (CEA), aflatoxin M1 (AFM1), 
immunoglobulin G antigen (IgG) and alpha fetoprotein antigen (AFP).  
  
6.4.3.5  Reproducibility of the immunosensor:  
 The current measurements were performed three times on individual electrodes to examine the 
reproducibility of immunosensor. The average peak current obtained for immunosenso was 72.2 
𝜇A with standard deviation of 4.2%. Along this, the electrode to electrode reproducibility was also 
determined and the value of variation co-efficient came out to be 3.8%, which was a good number. 
So, the prepared immunosensor showed consistent results in successive repetitions.  
6.5  Conclusions:  
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 The plane Au and AuNS electrodes were used to examine and compare the performance of 
immunosensor. The POEGMA–co–GMA brushes were synthesized on plane Au and AuNS 
surface by surface initiated atom transfer radical polymerization (SI-ATRP) process. The AuNS 
immunosensor showed high throughput with a low detection limit of 2 pg ml-1 over a wide dynamic 
range. Whereas, 2.1 times enhancement in sensitivity was observed in case of AuNS compared to 
plane Au surface. However, it can be attributed that the use of SiNPs gave an enhancement in the 
electrochemical signal, which increased the sensitivity towards the detection of PSA. So, the 
prepared immunosensor provides sensitive and specific measurements with limit of detection of 2 
pgml-1. Despite the analytical sensitivity of immunosensors, their specificity may lead to 
misinterpretation of the results. This misinterpretation can be due to the interfering analytes. So, 
it is equally important to examine the prepared immunosensors in blood samples. However, the 
threshold level of PSA in clinical screening is 4 ngml-1, with normal PSA levels in healthy men 
being generally lower, and PSA levels in cancer patients usually found in a range from the 
threshold up to 10 ngml-1. The lowest detection limit achievable by the present method was 2 pgml-
1 which could facilitate the early detection of cancer and offer greater diagnostic efficiency.  
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Chapter 7 Conclusions and future work  
The main focus of this thesis was to study the different parameters, which are responsible 
to affect the performance of immunosensor. The research in immunosensors has tremendously 
increased due to their potential use in clinical and on spot diagnoses and analyses. For this purpose, 
it is important to have an ordered layer of antibodies attached to the surface. In order to reduce the 
physical adsorption on solid surface, different types of supporting matrix were used. In this work 
self assembled monolayers (SAM), various kinds of gold nanostructures (AuNS) and co–polymer 
brushes were used as a supporting matrix. The use of AuNS was shown to enhance the efficiency 
of immunosensors and detection of cancer biomarkers. Prior to immunosensor fabrication, the 
growth morphology and adhesion properties of SAM were also studied to understand the growth 
kinetics of SAM formation by varying the time of incubation.  
7.1. Conclusions:  
 In a first part of the thesis, the emphasis was to study the growth kinetics and adhesion properties 
of self assembled monolayers. As SAM is an important supporting matrix, which is used for the 
preparation of immunosensor. The effect of incubation time on the growth morphology was 
studied and its effects on adhesion properties were also investigated. The atomic force microscopy 
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(AFM) results revealed that the island size and thickness of SAM increased with the incubation 
time. It suggested that the SAM grew as a multilayered structure. In order to reduce the effect of 
multilayered structure formation, the SAM was annealed for 1 hour. The AFM results of annealed 
SAM showed that the thickness of SAM reduced and the surface coverage was doubled as 
compared to the as grown SAM with the incubation time. This suggested that molecules, which 
were adsorbed on the surface in the agglomerated form diffused on the surface and reduced the 
thickness and increased the surface coverage in the annealed SAMs.  
 The force–distance (f–d) spectroscopy was performed to study the adhesion properties of SAM. 
The different parameters such as pull–off force, loop energy and detach separation were evaluated 
from f–d curves. These parameters showed dependence on the growth stages of SAM. It suggests 
that the growth morphology had a direct effect on the adhesion properties of SAM.   
Subsequently, the elastic properties of SAM were determined for the as grown and annealed  
SAM. The value of elastic modulus was calculated theoretically using Johnson-Kendall-Roberts 
(JKR) model for as grown and annealed SAM. The value of elastic modulus depends on the 
thickness of SAM. However, the average value of elastic modulus came out to be 0.3 and 1.3 GPa 
for as grown and annealed SAM, respectively.  
In the 2nd part of the thesis, the SAM was used for the preparation of immunosensor for 
cancer biomarker detection.  In the present work, two different strategies were adopted for 
detection of carcinoembryonic antigen (CEA) and prostate specific antigen (PSA) cancer 
biomarkers.   
 The CEA cancer biomarker was detected by the use of three different types of Au 
nanostructures (AuNS) such as the pyramid, spherical and rod-like nanostructures. These 
nanostructures were electrochemically deposited on the electrode surface and comparative study 
was performed to investigate the performance of immunosemsor. The CEA was detected using 
amperometric and impedimetric techniques in the concentration range of 0.001 to 1000 ngml-1. 
The three types of AuNS showed improved linear response for CEA concentration as compared to 
the plane Au surface.  
For comparison purposes, the limit of detection (LOD) and sensitivity was calculated for 
three types of AuNS. The immunosensor showed the sensitivity of 0.2107, 0.339, 0.457, and 0.312 
µAng-1ml for bare, pyramid, spherical, and rod-like nanostructures, respectively. Similarly, the 
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detection performance was investigated by its LOD. It shows 0.07, 0.0339, 0.0036, and 0.45 ngml-
1 for bare, pyramid, spherical, and rod-like nanostructures, respectively. It showed among all three 
types of nanostructures the spherical nanostructured immunosensor electrode showed enhanced 
response compared to the other types of nanostructured electrodes. So, the prepared immunosensor 
using three types of nanostructures showed the LOD of 4.1 pgml-1, with improved sensitivity, 
selectivity and stability of about a month.  
 In a similar manner, another sensitive sandwich electrochemical immunosensor was prepared 
using co–polymer brushes. The surface initiated atom transfer radical polymerization process was 
adopted for the synthesis of oligo (ethylene glycol)–co–glycidyle methacrylate (OEGMA–co–
GMA) co–polymer brushes for detection of PSA.  The co–polymer brushes were grown on the 
plane gold electrode and electrode modified with spherical nanostructures. The performance of 
both immunosensor was compared using electrochemical impedance spectroscopic technique. The 
co–polymer brushes were used as it provides an extra binding site for antibody attachment. Finally, 
the use of silica nanoparticle (SiNPs) conjugated with secondary antibody improved the sensitivity 
and enhanced the response of immunosensor.  
 The comparative studies showed that the prepared immunosensor showed the different dynamic 
range of 30–1000 pgml-1 and 5–1000 pgml-1 for plane Au and AuNS modified electrode, 
respectively. Similarly, the AuNS electrode showed 2 times improved sensitivity as compared to 
plane Au electrode. The LOD of AuNS modified electrode came out to be 2.3 pgml1. It showed 
that the synthesis of co–polymer brushes for immunosensor was sensitive, simple, specific and 
allowed accurate quantification with LOD of 2 pgml-1 with improved reproducibility and 
specificity.  
Nanotechnology played a crucial role in the development of immunosensors. The prepared 
immunosensor development, testing, and optimization showed improved sensitivity, specificity 
and reproducibility, as a result of incorporating nanomaterials in their design. In the 
immunosensor, antiCEA or antiPSA was detected by binding them to their specific antigens. The 
molecular weight of CEA was 180 KD (larger protein) and for PSA it was 27 KD (smaller protein). 
Our data suggest that proteins as small as 27 KD can attach to antibodies and therefore can be 
detected by immunosensor. The only difference will be the change in the reaction kinetics and 
hence the change in the signal strength, which was measured out to be 96 µA for PSA and 11 µA 
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for CEA. Similarly, it can also be used for DNA, RNA, and for the detection of other biomolecules 
that could be used for the diagnosis of various other diseases. The back bone of DNA contains the 
phosphate group that can be attached to an amine group (nanstructure immunosensor) and with the 
epoxy group of co–polymer brush. So, the nanomaterial-based electrochemical immunosensors 
amplify the sensitivity by facilitating greater loading of the larger sensing surface with 
biorecognition molecules, as well as improving the electrochemical properties of the transducers.  
  
7.2  Future work:  
 In order to understand the underlying mechanism of immunosensor performance, there is still 
need some further investigations  
1. The present finding clearly showed that the use of nanostructure at the surface enhance the 
sensing property of immunosensor.  Further confirmation and better understanding of  
the problem at hand is to check the sensitivity/sensing performance of immunosensor in 
real blood samples.  
2. As the immunosensors are very useful for clinical applications. In these applications 
sensitivity plays a key role. The present work improved the sensitivity towards the 
detection of cancer biomarker, but it still has some deficiency of real time monitoring and 
needs more improvement in this aspect.  
3. Another parameter, which needs improvement, is the selectivity or specificity of 
immunosensor. The selectivity of immunosensor will be investigated in the blood sample 
or in mixture of antigen solution. It can help for real time analysis and further can proceeds 
towards clinical detection.  
4. Another important issue for immunosensor is to reduce the non–specific adsorption. These 
non–specific interactions can complicate the sensor response and affect the reproducibility 
and suitability of immunosensor for a particular application. So, different types of 
supporting matrix will be used to reduce the non–specific adsorption and improve the 
efficiency of immunosensor.  
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